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Preface

~ Surveyor 3 was one of five automated spacecraft that successfully soft-landed
and operated on the lunar surface, acquired a vast amount of new scientific and
engineering data, and provided a firm foundation for subsequent manned
landings on the Moon. o

When we designed and launched these Surveyors, there was no plan for
them to be visited by astronauts in subsequent manned missions. Some of us,
however, had the quiet hope that, at some later date, astronauts would walk
up to a landed Surveyor, examine and photograph it and the surrounding
terrain, and remove and return to Earth selected components for engineering
and scientific studies.

Such an opportunity was provided by the Apollo 12 mission. Thirty-one
months after Surveyor 3 landed, the crew of Apollo 12 photographed the
spacecraft and its landing site, and removed and brought back a number of
selected components. These parts, which included the television camera, were
analyzed to determine the effects on the hardware of the long exposure to the
lunar environment.

The returned material and photographs have been studied and evaluated
by 40 teams of engineering and scientific investigators over a period of more than
1 year. A few tasks are still in process and several proposals for additional studies
have been received.

This report represents a compilation of the main engineering and scientific
results to date.

Engineering studies of the television camera show that the complex
electromechanical components, optics, and solid-state electronics were remark-
ably resistant to the severe lunar surface environment over 32 lunar day/night
cycles with their extremes of temperature and long exposure to solar and cosmic
radiation. These results indicate that the state of technology, even as it existed
some years ago, is capable of producing reliable hardware that makes feasible
long-life lunar and planetary installations.

Scientific studies of the returned Surveyor parts provide new data in many
fields and provide further confirmation that specially designed recoverable
experiments should have great value in the study of the space environment.

BENJAMIN MILWITZKY
Assistant Director, Engineering
(Special Projects)
Apollo Program
May 1971
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l. Introduction

W. F. Carroll, R. Davis, M. Goldfine, S. Jacobs, L. D. Jaffe,
L. Leger, B. Milwitzky, and N. L. Nickle

In November 1969, the Apollo 12 astronauts
visited the Surveyor 3 spacecraft, which had
landed on the lunar surface 31 months earlier.
During the visit, the astronauts examined and
photographed the spacecraft and removed
selected parts and enclosed soil for return to
Earth. The parts, soil, crew observations and
photographs have been evaluated to obtain in-
formation concerning the spacecraft hardware
that could be of value to engineering design and
to obtain scientific information that could pro-
vide a better understanding of Iunar and space
environments. This evaluation has been under-
taken by individuals and groups in various
organizations in the United States and abroad.
A summary of the engineering and scientific
results is presented in chapter II of this docu-
ment.

The primary examination of the hardware
relative to engineering performance was con-
ducted by Hughes Aircraft Co. (HAC) under
contracts from the Jet Propulsion Laboratory
(JPL) and the Manned Spacecraft Center
(MSC). The evaluation team included many key
people who had been associated with the initial
design, test, and operation of the Surveyor
spacecraft series. The results of this effort are
summarized in chapter IIIL

The scientific investigations were conducted by
40 teams of specialists in the fields of surface
changes and characteristics, organic chemistry,
micrometeorite impacts, naturally induced radio-
activity, radiation damage, solar wind rare gases,
particle tracks, soil characteristics, and microbe
analysis. Results of most of these investigations
are contained in chapters IV through XI of this
document. The findings are presented as indi-
vidual articles written by the investigators. Be-

cause the articles were written independently of
one another, some differences in interpretation
may exist among them. Some of the investigations
are not yet complete and will be reported in ap-
propriate technical journals.

Rationale and Objectives

The reasons for biasing an Apollo mission to
land near a Surveyor spacecraft on the Moon
and for expending extravehicular activity (EVA)
time to examine, photograph, and collect mate-
rial from a Surveyor and its immediate vicinity,
and for returning this material, can be summa-
rized as

(1) To improve the technology for designing,
fabricating, and testing future spacecraft and
lunar and planetary stations.

(2) To increase the understanding of lunar
surface processes and rates by determining the
changes that occurred on the lunar surface and
in Surveyor 3 during 31 months in the lunar en-
vironment.

(3) To check the validity of the techniques
used for interpretation of remote observations
and analyses of lunar and planetary surfaces.

From observations made by the astronauts,
from photographs of the Surveyor and rephoto-
graphs of lunar areas televised by Surveyor, and
from examinations of returned material, it was
expected ! that information could be obtained
concerning:

(1) Effects on spacecraft surfaces of micro-
meteoroid impact, physical changes due to solar
and cosmic radiation, and effects of thermal
cycling.

* Memorandum, B. Milwitzky (NASA) to Director,

Apollo Lunar Exploration Office, NASA Headquarters,
Jan. 10, 1969,
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(2) Extent of vacuum welding of movable
spacecraft elements.

(3) Effects of prolonged exposure on as many
types of spacecraft material and components as
possible.

(4) Spacecraft movement due to thermal cy-
cling and to seismic disturbances.

(5) Dust deposits on the spacecraft.

(6) -Evidence of creep of fine surface material.

(7) New craters, blocks, or other changes in
surface features.

(8) Changes in footpad imprints, surface sam-
pler trenches, vernier-engine blast areas, and
other disturbances of the lunar surface made by
Surveyor during the intervening time.

(9) Changes in the optical characteristics of
darker material, which appeared wherever the
lunar surface was disturbed by Surveyor.

(10) Correlation between film and remotely
controlled television data with regard to lunar
photometry, colorimetry, and polarimetry.

(11) Comparison of the bearing strength and
other mechanical properties of lunar fines re-
turned from the vicinity of the Surveyor with
those properties obtained by remote-control tech-
niques during the Surveyor mission.

(12) Assessment of the original analyses and
interpretations made by the Surveyor Science
Team by means of the returned lunar rocks and
soil viewed by Surveyor.

Surveyor 3 and the Planning of Apollo 12

Surveyor 3 landed on the Moon on April 20,
1967. The landing site was in the southwest part
of Oceanus Procellarum, about 370 km south of
the ‘crater Copernicus at selenographic coordi-
nates, in the ACIC coordinate system, 2.99° §,
23.34° W, or, in the AMS coordinate system,
3°12°0.36” S, 23°22'54.2” W. The spacecraft
came to rest in a subdued, rounded crater about
200 m in diameter and was inclined about 12° to
the horizontal on the eastern slope of the crater.
Details of the landed spacecraft’s orientation are
given in appendix A. The results of the Surveyor
3 mission are contained in references 1 and 2.

The decision to target Apollo 12 to land next
to a Surveyor was based on two primary consid-
erations: (1) the desire to use a landed space-
craft as a target to demonstrate a point-landing

capability, (2) the engineering and scientific in-
formation to be gained from the return of Sur-
veyor components and photographs of its land-
ing site (ref. 3). Surveyor 3 was chosen as the
specific target for Apollo 12 because it was lo-
cated in one of the prime sites previously estab-
lished for the Apollo missions.

After the decision to land Apollo 12 near Sur-
veyor 3, NASA developed a plan for astronaut
activities at the Surveyor 3 site. The planning
was a low-level effort, as the chance of returning
Surveyor material was considered slight. Inputs
on specific tasks that would provide the most
valuable engineering information were prepared
by HAC (which had designed and built Sur-
veyor), by JPL, and by MSC. Inputs as to tasks
that would provide the most valuable scientific
information were obtained primarily through
JPL, which, at NASA’s request, contacted a num-
ber of scientists, especially those familiar with
Surveyor 3. Many valuable suggestions were re-
ceived from individual scientists and engineers.
These suggestions were first reviewed and
screened by the organizations mentioned.** They
were examined and screened again at MSC for
compatibility with astronaut and other Apollo
constraints and with the mission schedule and
time line.

The tasks finally selected were:

(1) Obtain stereo photographs giving general
views of the lunar surface close to Surveyor and
of specific pre-selected lunar objects televised by
Surveyor (dust fillets around rock, layered flat
rock).

(2) Obtain stereo photographs of lunar sur-
face disturbances produced by Surveyor soil
mechanics surface sampler and footpads.

(3) Kick up fresh material near previously
disturbed and undisturbed areas. Photograph to-
gether, to reveal effects of exposure on the albedo
of disturbed lunar soil.

(4) Inspect and photograph Surveyor from
all sides.

(5) Imspect and photograph polished alumi-
num and gold on vernier engine, glass tops of

*Letter, L. D. Jaffe (JPL) to Director, Apollo Lunar
Exploration Office, NASA Headquarters, Aug. 7, 1969.

:Enclosure 2 to Letter, E. I. Hawthorne (HAC) to
G. M. Low, NASA MSC, Aug. 22, 1969.
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electronic compartments, glass-covered solar-cell
array, and painted tops of footpads.

(6) Wipe metal mirror of television camera
and glass mirror of electronic compartment. In-
spect and photograph them before and after.

(7) Return television camera (if feasible).

(8) Return scoop of soil mechanics surface
sampler (at astronaut option).

(9) Return unpainted aluminum structural
tubing.

(10) Return, sealed in vacuum, tubing with
inorganic white paint.

(11) Return, in sterile fashion, cable with
aluminized Mylar foil wrapping.

(12) Return glass from top of electronic com-
partment (if feasible).

(13) Return soil from vicinity of Surveyor (at
astronaut option ).

(14) Return (as part of field geology experi-
ment) specimens representing material televised
by Surveyor: sharp rocks around a specified
nearby crater (“Blocky Crater”), presumed ray
material from crater Lansberg, and a layered
rock.

The purpose of each of these tasks is discussed in
reference 3 (also see footnotes 2 and 3).

Many other desirable tasks were omitted as

not practical or as hazardous. For example, re-
turn of solar panel cells would have been desira-
ble, but the solar panel was too high to reach
with any degree of safety.

A detailed mission plan was prepared incor-
porating the selected tasks. The Apollo 12 astro-
nauts were briefed and trained, using a full-
scale model of Surveyor 3 set up in its lunar
configuration. :

Mission Operations and Returned Material

The Apollo 12 Lunar Module (LM) landed on
the Moon on November 19, 1969. During its de-
scent, the LM passed from east to west across
the northern rim of the crater within which Sur-
veyor 3 rested. LM touchdown occurred on the
northwest rim of this crater, 155 m from Sur-
veyor 3. {See fig. 1.) Thus, the objective of dem-
onstrating the point-landing capability of Apollo
was attained. Post-flight evidence indicated that
lunar material blown by LM exhaust during
landing impinged on the Surveyor. (See chs. IV

and VI of this document.) The landing coordi-
nates of the LM were 3°11’61” §, 23°23'7.5” W,
in the AMS lunar coordinate system (ref. 4).

During their second EVA, astronauts Charles
Conrad and Alan Bean reached Surveyor 3 on
November 20, 1969, at 06:27 GMT. They spent
about 25 minutes at Surveyor and an additional
10 minutes at a nearby small crater (“Blocky
Crater”), which had previously been televised
by Surveyor. They took 56 black-and-white pho-
tographs of the Surveyor and its vicinity in ac-
cordance with the mission plan. Many of these
were taken as stereopairs, by photographing, tak-
ing one step to the side, and rephotographing. A
catalog of Surveyor-related photographs from
Apollo 12 is included as appendix D of this docu-
ment. ‘ -

The astronauts inspected the Surveyor space-
craft, paying particular attention to items speci-
fied in the mission plan, and conducted the pre-
planned swipe of the television camera mirror
and electronic compartment top. Their observa-
tions are recorded in the mission commentary
transcript and summarized in reference 5. The
observations have been amplified in formal de-
briefing sessions and subsequent informal dis-
cussions at MSC and JPL.

The astronauts removed the following material
from Surveyor 3 with a pair of shearing cutters:

(1) The complete television camera with its
associated optical and mechanical components,
electronics, pieces of cabling, and support struts.
(See fig. 2.) A more detailed inventory of the
television camera components is presented in
appendix C.

(2) The scoop from the soil mechanics:sur-
face sampler (fig. 3), together with more than
6.5 g of lunar soil which it contained. )

(3) A 19.7-cm section of unpainted aluminum
tube from the strut supporting the radar altime-
ter and doppler velocity sensor (RADVS) (fig.
4).

(4) A 10-cm section of aluminum tube from
one of the camera support struts. This tube was
coated with inorganic white paint.

(5) About 13 c¢m of television cable, with its
wrappings of aluminized plastic film.

Figure 5 shows the location of the components
removed from the spacecraft. Glass from a com-
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Ficure 2.—Surveyor 3 television camera as it was un-
bagged at the LRL after its return from the Moon.
Dents in the visor occurred during transport from the
lunar surface.

partment top was not removed; the astronauts
could not break it free of its support (app. D,
frame AS12-48-7137). The hardware taken in-
cluded samples representative of many space-
craft engineering subsystems, with a wide variety
of electrical and electronic components, optics,
functional mechanisms, lubricants, and tempera-
ture control devices and coatings.

The astronauts also collected a number of
rocks from the lunar surface close to Surveyor
and at nearby “Blocky Crater” as part of the field
geology experiment. The analysis of these speci-
mens is not given in this document.

Handling of Maierial

Handling of recovered parts on the Moon was
planned to minimize contamination to the extent
considered practical. As the camera, scoop, and
unpainted tube were cut from the spacecraft and
handled by astronauts Bean and Conrad, they
were placed in pockets in the Surveyor tote bag
(back pack). The bag was constructed from
beta-cloth, a woven glass fabric coated with FEP
Teflon, identical to the material of the astronauts’
suits. In accordance with the plan, the astronauts

Ficure 3.—Closeup of scoop of Surveyor 3 surface
sampler. Photograph was taken in the LRL after the
scoop was returned from the Moon.

»

let the painted tube and the cable fall, with a
minimum of handling, directly into an Apollo
sealed environmental sample container (SESC;
see fig. 6). They sealed the container, and placed
it, in turn, in the tote bag.

The parts were carried back to the LM; they
remained in the tote bag during transit and dur-
ing the multiple transfers to the Command Mod-
ule in orbit, to the Mobile Quarantine Facility
onboard the recovery ship, and to the Crew Re-
ception Area (CRA) in the Lunar Receiving
Laboratory (LRL). This handling is known to
have at least caused abrasion of the exposed
outer surfaces of the returned materials with par-
tial removal of adhering lunar fines, and con-
tamination of exposed surfaces with beta-cloth
fibers and organic and biologic species.

While in quarantine in the CRA, the returned
material was removed from the tote bag, the
camera and scoop were photographed on a table
top, and all parts were individually heat sealed
in two polyethylene bags (fig. 7). The bagged
parts were placed in bonded storage, where they
remained until quarantine was lifted on January

Ficure 4.—Section of unpainted aluminum tube from
Surveyor 3, mounted on jig in LRL after its return
from the Moon.
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UNPAINTED
ALUMINUM
TUBE

CABLING, AND PAINTED
ALUMINUM TUBES
e

SURFACE SAMPLER SCOO

FxGImEB.—Photograph of Surveyor 3 on the Moon, with astronaut Charles Conrad, Jr. Loca-
tions of the removed Surveyor parts are indicated. Apollo sample tongs appear immediately
below surface sampler scoop, in circle. The Apollo 12 LM is in the background, on north-

west rim of “Surveyor Crater.”

7, 1970. All parts were then transferred to the
astronaut debriefing room, where a temporary
laboratory had been prepared. .

The bagged parts were inspected and photo-
graphed and the parts and recovery discussed
with the astronauts. The camera was taken to
the low-level radiation counting laboratory in
the LRL, where it remained overnight. Most
parts were then unbagged, examined, and docu-
mentary photographs were taken of the surfaces.
The camera and unpainted aluminum tube were
unbagged on a laminar flow bench and mounted
on special jigs. The scoop was not opened on the
laminar flow bench for fear of losing lunar fines
contained in and on the scoop. The SESC was
not removed from its bag.

The camera support collar was taken off to

permit mounting the camera for additional exam-
ination and photography and to facilitate bio-
logical sampling. The cable connectors and
bracket from the camera front and the lower
shroud of the camera were removed to gain
access for internal biological assay. A quantity of
dark particulate material was found inside the
support collar recess. Most of the material was
collected for subsequent analysis; a small amount
(less than 0.5 mg) was separately collected for
preliminary emission spectrographic analysis
(ref. 6). Biological samples were collected from
various sites. (See ch. XI, pt. A, of this docu-
ment. )

The camera’s lower shroud was replaced and
the camera remained on a special mount in the
laminar flow bench until January 15. The camera
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Ficure 6.—Apollo sealed environmental sample con-
tainer (SESC), containing Surveyor 3 cabling and
painted tube, just before container was opened at
JPL. The SESC is 15% cm high and is 6.0 cm wide
at its base.

and unpainted aluminum tube received prelimi-
nary examination for micrometeoroid impacts.
(See ch. VI, pt. E.)

The unpainted aluminum tube was sectioned
into six pieces, which were then individually
packaged to protect the outer surface from addi-
tional damage.

The camera and removed parts were wrapped
in FEP Teflon; the scoop was rewrapped in the
plastic bag in which it had been stored during
quarantine. All parts, except three of the six

Ficure 7.—Returned Surveyor 3 television camera,
sealed in polyethylene bag. Photograph was taken in
the LRL after the camera was returned from the
Moon.

pieces of the polished tubing which were to re-
main at MSC, were packed in foam-lined ship-
ping containers and flown to HAC, Culver City,
Calif., on January 16, 1970.

HAC provided a limited-access clean room for
their many engineering tests. The room con-
tained two class 100 laminar flow benches, which
were used in all operations in which a dust-free
environment was desirable. All parts were placed
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in containers or covered with Teflon sheeting
when not in actual use and stored in a floor vault
for security.

Subsequently, parts called out in the Material
Analysis Plan (see app. B) were transferred to
JPL for distribution to engineering investigators
outside of HAC, and to the science investigators
in the United States and elsewhere.

The sealed SESC, containing the cable and
painted tube, was opened at JPL in a sterile
glove box under high purity argon and red light.
It was found that the SESC had leaked, admit-
ting air or air and oxygen; apparently a good
seal was not obtained on the Moon.* The cable
and painted tube were sectioned in the glove
box; parts not tested there were resealed for fur-
ther distribution. (See ch. XI, pt. B, of this docu-
ment.) _

Analysis Plan

The analysis of the returned parts, soil, and
photographs was conducted under a comprehen-
sive analysis plan. The plan was designed to in-
sure retrieval of a maximum amount of informa-
tion, while the integrity of the material was
maintained as far as possible along the sequence
of scientific and engineering investigations.

Most of the engineering investigations were
conducted by HAC, using some of the equip-
ment and personnel employed in the construc-
tion of the spacecraft prior to the Surveyor mis-
sions. (See ch. III of this document.)

Science and engineering investigators outside
of HAC were individually invited to submit pro-
posals that were brief, but which included a
statement of objectives, the amount and type of
material of interest, the type of tests to be per-
formed, and the expected degree of alteration to
the material. The proposals were reviewed for
their scientific merit by a JPL Review Commit-
tee,® which recommended to NASA the type and
amount of material to be allocated. Another
group, the Surveyor Parts Steering Group
(SPSG),® was later authorized to allocate mate-
rial to those investigators planning tests not pre-
viously included in the analysis plan.

*M. A. Adams and M. Knittel (JPL), private com-
munication.

® Membership in the JPL. Review Committee consisted

of L. Jaffe (Chairman), W. Carroll, D, Nash, and C.
Snyder.

The analysis plan included 40 teams of investi-
gators in nine categories; during a period of 16
months, approximately 275 tasks were performed,
some on no more than one-half of a given part
if the tests were destructive or had some effect
on the material. This policy preserved material
for possible future testing, as information and
new ideas became available. The complete analy-
sis plan, which includes both completed tests
and those still in progress, can be found in ap-
pendix B.

Status

Most investigations originally included in the
analysis plan have been completed. Some analy-
ses are still in process, and a few investigators
are awaiting results of other analyses before pro-
ceeding. Results of these analyses are expected
to be published in the open literature.

One condition imposed upon each investigator
was that he document the treatment that each
part received while in his possession. This infor-
mation has been compiled at JPL and can be
made available for specific parts upon request.
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ll. Summary and Conclusions

N. L. Nickle and W. F. Carroll

The successful return of the Surveyor 3 hard-
ware, lunar soil, and photographs taken by the
Apollo 12 astronauts permitted 36 studies to be
made by more than 80 investigators.

Chapter III contains the significant engineering
results obtained from these studies. Chapters IV
through XI contain the results of the scientific
investigations. Because the papers were written
individually by members of the investigating
teams and therefore are presented in a different
format than are chapters I through III, some
redundancy or differences in interpretation may
occur.

This chapter is a summary of the engineering
and scientific results derived from the investiga-
tions.

Engineering Results

Results of the engineering investigations were
essentially “nonspectacular”; the primary value
lies in the fact that no failures or serious adverse
environment effects on the hardware were un-
covered that, to some degree, had not been antic-
ipated. The absence of detected major effects
and the resulting implications for future space
vehicles are significant. However, the absence of
effects should not be construed to indicate that
the problems associated with material and com-
ponent selections, test, design, assembly, and
systems test can be ignored.

Spacecraft Changes

Measured reflectance data have been analyzed
in order to separate and understand the effects
of lunar dust and radiation damage. The radia-
tion-induced discoloration on various surfaces
was found to be proportional to the degree of
solar illumination, and is in reasonable agree-

ment with laboratory simulations. The discolora-
tion was found to be subject to photo-induced
oxygen bleaching. This bleaching was responsi-
ble for a considerable change in color during the
several months of exposure since return to Earth.

Organic contamination is not a significant factor
in the observed discoloration of the external sur-
faces.

Almost all exposed surfaces on the camera
were partially covered with a fine layer of lunar
dust. Substantial variations existed in the quan-
tity and apparent particle size of dust on the
various surfaces. The dust distribution indicates
that the fines were disturbed and implanted upon
the spacecraft primarily by the initial Surveyor
landing and by the approach and landing of the
Apollo 12 Lunar Module (LM). The presence of
dust, even in very small quantities, can have a
significant effect on temperature control and op-
tical performance of hardware on the lunar sur-
face.

Lunar dust adhering to the camera’s optical
filters consists of less than 1- to 40-um-wide par-
ticles of calcic plagioclase, clinopyroxene, tridy-
mite, and glass. Most particulates are complex
mixtures of more than one crystalline phase and
not micrometer-sized pieces of single-phase min-
erals. The assumed parent material of this dust
is a fine-grained breccia or a soil from such a
rock type.

Dust on the camera’s mirror consists of parti-
cles large enough to see with the unaided eye
(contaminants consisting of gypsum, calcite, and
beta-cloth fibers) and fine-grained angular frag-
ments. Spherical particles are restricted primarily
to the smaller size ranges; about 1 percent of the
particles is spherical at 0.7-um diameter com-
pared with 10 percent at less than 0.2-um diame-
ter. Ninety percent of the total mass is within the
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size range of 0.3 to 3 pum. Very few lunar par-
ticles larger than 4 pum exist; some of these may
be aggregates.

Sources of the dust on the mirror, and thus
also of many other surfaces, include that dis-
turbed by the abnormal Surveyor landing and by
manipulations of the surface sampler scoop. It
has been demonstrated that more dust exists
now than at the time of the Surveyor 3 mission.
Thus, the approach of the LM and/or natural
lunar transport processes contributed additional
material to the mirror’s optical surface.

Spectral reflectance, gonioreflectance, spectral
transmission, and ellipsometry measurements
conducted on various components of the camera
indicate that the following changes occurred on
the lunar surface:

(1) A nonparticulate coating of unknown
composition and origin was deposited on the
mirror and possibly other surfaces. The coating
is insoluble in acetone and benzene. Tests are
continuing in an attempt to identify the coating.

(2) The thickness of the nonparticulate coat-
ing is not uniform, and is estimated as approxi-
mately one-half wavelength (A = 550 nm).

(3) One or more particulate layers were de-
posited by at least two of the following events:

(a) Abnormal landing of Surveyor 3.

(b) Manipulation of the surface sampler
SCoO0p.

(¢) Normal transport processes.

(d) Approach and landing of the LM.

(e) Redistribution and/or contamination dur-
ing camera retrieval and return.

(4) Distribution of dust on all surfaces is not
of uniform thickness. .

(5) Increase in spectral transmission of the
blue and green filters may be due to partial dis-
sipation of the Inconel coating,.

(8) Dust on the filters eaused a 25-percent de-
crease in transmission.

(7) Radiation darkening caused a decrease in
transmission of the clear filter.

(8) Mirror acquired a pit density of approxi-
mately 1 pit per 2 mm? on cleaned areas.

The exterior camera surfaces showed discolor-
ation patterns produced by lunar surface parti-
cles that were eroded and entrained on Surveyor
by the LM exhaust during landing. The particles

were ejected almost horizontally at 40 m sec?,
struck the camera, and partially whitened its al-
ready dusty and radiation darkened surface.

Exterior surfaces of the scoop were discolored
by the presence of lunar soil, but most promi-
nently discolored by exposure to solar radiation
on the Moon. The degree of discoloration, which
was made apparent by a change of the original
light blue paint to a whitish blue, depended
upon the duration and angle of surface exposure
to the Sun. Adhesion of lunar soil varied with the
type of surface. Lunar material adheres more
readily, in order, to (1) painted surfaces (ap-
proximately 10* dyne cmm?), (2) Teflon, and (3)
metallic surfaces (10% to 10* dyne cm™2).

The Surveyor spacecraft moved from its landed
configuration sometime between May 1967 and
November 1969. It is conjectured that the move-
ment occurred as a result of a sudden failure of
the leg 3 shock absorber. The movement at foot-
pad 2 was in the amount of 5° of tilt and 7 to 8§
cm of lateral translation in the form of a rotation
about footpad 1, which was embedded in the
lunar soil.

Organic Contamination Analysis

Determination of the presence of organic con-
taminants was considered important in order to
understand the discoloration process and to help
identify possible sources of contaminating gas.
Parts of the mirror and exterior camera surfaces
were washed with solvents, and the residues
were analyzed. Major components of the extract
residue from the mirror was dioctyl phthalate
and silicone oil. LM descent engine products are
evident only in trace amounts.

Extracts were taken from the middle shroud
on the side facing the LM and the side away
from the LM. Major constituents found are hy-
drocarbons, dioctyl phthalate, and silicones. Sev-
eral other species, thought to be derived from
the Surveyor 3 vernier engine exhaust, were ob-
served. The LM descent engine products are
twice as abundant in the leeward sample; this
difference in abundance is believed due to ero-
sion of the side facing the LM by entrained lunar
dust particles.

Sources of the various organic contaminants
are hydrocarbons from lubricating er vacuum
pump oils and general terrestrial contamination,
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silicones from sources as oils, outgassing of elec-
tronics and plasticizers, copolymer of vinyl alco-
hol and styrene from electronics insulation, and
nitrogenous compounds from LM and possibly
Surveyor 3 engine exhaust. The organic contami-
nation levels do not contribute significantly to
the discoloration of the various surfaces. Analy-
ses for organic contaminants and identification
of their sources, even if low in concentration,
should be recognized as an important criterion
for the design of optical or other active instru-
ments for future spacecraft.

Micrometeorite Impact Analyses

A major effort in the analysis of Surveyor 3
parts has been the search for hypervelocity im-
pact features—an effort roughly analogous to
the search for the needle in the haystack. A great
number of low-velocity features exist that were
caused by lunar particles striking the surfaces
due to Surveyor and Apollo landing events,
handling of the material, and natural phe-
nomena. The 1- to 4.5-um size of the surface
features prohibited the effective use of optical
instruments. However, all participating investi-
gators concluded that no material or surface
features were found that definitely could be
stated to be meteoritic in origin. Consequently,
determinations of the flux rate of hypervelocity
particles at the Surveyor 3 site were based on the
absence of diagnostic features; as such, the flux
rates represent upper limits only. In each in-
stance, the determinations were in general agree-
ment with those obtained from Pioneers 8 and 9,
Cosmos 163, Pegasus satellites, and others.

The optical filters were inspected for primary
impacts with the same results. However, because
of the spatial orientation of the filters, the well-
defined field of view of space for each filter and
the nature of their finish provided an excellent
opportunity to determine an implied impact rate
of secondary particles. Particles 1 um and larger
with velocities high enough to produce plastic
flow in glass were found to be about 10° times
the cratering rate expected for primary micro-
meteoroids. The rate is approximately 800 im-
pacts cm™2 yr-! (2« sterad)-? for impacts =1 um.

Comparison of pictures of the lunar surface
taken 31 months apart by Surveyor 3 and Apollo

12 show no meteorite craters =1.5 mm in diam-
ter.

Radioactivity and -Radiation
Damage Analyses

The camera visor was examined for an alpha
radioactive deposit formed by the decay of radon
isotopes diffusing from the lunar surface. The
conclusion reached is that the gross activity on
the visor is due to the activity of the paint. How-
ever, the amount of 72°Po activity expected on
1 cm? of the lunar surface after an infinite time
at Oceanus Procellarum was estimated to be
(0.88+4.43) X102 disintegrations sec™ cm=2

The cosmogenic radionuclide 2?Na was meas-
ured in painted and unpainted aluminum tubes,
camera support collars, brackets, scoop, soil re-
moved from the scoop, and in the mirror. The
average galactic cosmic-ray flux incident on Sur-
veyor 3 was about 4 = 1 protons ¢m sec™. De-
tailed radionuclide production rate calculations
based on satellite data of solar flares were used
to estimate the contribution of solar flare protons
to the total 2?Na produced in Surveyor 3. Galac-
tic cosmic-ray production of **Na in aluminum
derived from the Lost City meteorite agrees with
the galactic cosmic-ray production rate in Sur-
veyor 3, indicating almost identical cosmic-ray
fluxes at 1 AU and at 2.35 AU. The *°Al and
22Na content of lunar soil recovered from the
Surveyor 3 scoop indicates that the soil origi-
nated from an average depth of 3.5 cm in the
lunar surface.

The tritium content of painted aluminum sam-
ples removed from the camera shrouds was meas-
ured to be 0.48 + 0.005 dpm cm. This activity
is more than a factor of 3 larger than would be
expected if it had received the same average
cosmic-ray flux and solar flux as the top of Apollo
12 lunar rock 12002. It is thought that an excess
of tritium existed which was due to artificial con-
tamination; there was a correlation, however, of
tritium content with exposure to sunlight, indica-
tive of solar wind tritium. ,

There was no evidence of microstructure ef-
fects caused by particle bombardment from the
solar wind, solar flares, or cosmic radiation. The
size and appearance of precipitate particles of
Mg.,Si indicate appreciable thermal aging (which
possibly occurred during fabrication). Elevated
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lunar temperatures may have been sufficient to
result in thermal diffusion of trapped solar wind
He and Ne in a high density of dislocations
occurring to a depth of 10 um.

Solar Wind Rare Gas Analysis

The polished aluminum tube contained trapped
solar wind He and Ne with a *He-to-2°Ne ratio
of 295. This value is lower than the ratios meas-
ured from the Apollo 11 and 12 solar wind com-
position (SWC) experiments. This could be due
to *He diffusion loss or to a small residual dust
contamination. The *He distribution around the
aluminum tube is in agreement with the theoreti-
cally expected distribution and corresponds to an
average solar wind “He flux of 7 X 10° cm2 sec™.
If *He diffusion loss had occurred, the average
“He flux could be as high as 13 X 10° cm~2 sec?,
Neglecting the small influence of possible dust
contamination or of diffusion loss, table 1 shows
the average isotopic composition for the solar
wind during exposure of Surveyor 3 material and
the Apollo 11 and 12 SWC experiments. Com-
pared with the Apollo 11 and 12 results, the
ratio of *He to *He is unexpectedly high. The
differences may reflect time variations in the
composition of the solar wind.

Particle Track Analyses

The energy spectrum of iron-group solar cos-
mic-ray particles was determined for the first
time over the energy range 1 to 100 MeV/nu-
cleon using the optical filter glass. The difference
between the observed spectrum and the limiting
spectrum derived previously from tracks in lunar
rocks gives an erosion rate of 0 to 3 A/yr. High-
energy fission of Pb, induced by galactic cosmic-
ray protons and alpha particles, was observed.

Soil Property Analyses

The soil sample returned in the scoop provided
a unique opportunity to evaluate earlier, re-
motely controlled, in-situ measurements of lunar
surface bearing properties. Assuming the lunar
regolith at Surveyor 3 has a bulk density of 1.6
g cm™® at 2.5-cm depth, then the agreement is
good. The bearing capacity varied from 0.02 to
0.04 N cm2 at bulk densities of 1.15 g cm™ to
30 to 100 N cm~2 at 1.9 g cm™. ’

TABLE 1.—Average isotopic compositions for the
solar wind during exposure of Surveyor 3 mate-
rial and Apollo 11 and 12 SWC experiments

Ratio Surveyor 3 Apollo 11 Apollo 12
‘He:*He. . .. .. 2700 +130 | 1860 +140 | 2450 100
2*Ne:2Ne. ... . 13.3£0.4 13.5+1.0 13.1+0.6
22Ne:?'Ne..... 21 5 ..., ©26 £12

Pictures taken by the Surveyor 3 television
camera and photographs by the Apollo 12 astro-
nauts of identical areas have provided the op-
portunity to evaluate changes in the lunar rego-
lith during the 31 months, and have helped to
dispel the impression that the lunar soil may
have a thin surface “crust” that breaks into flat
“tiles.” The impression of “tiles” and “crusting”
is an illusion. Rather, the lunar soil deforms and
cracks in the same manner as homogeneous, iso-
tropic terrestrial soils of moderate bulk density,
with a small amount of cohesion. Photographs
viewed stereographically clearly show the three-
dimensional character of the disturbed material.

No changes in the lunar soil that can be attrib-
uted to natural processes have been identified.

A previously unreported feature of lunar fines
is the existence of filamentary whisker-like ob-
jects attached to individual particles in a manner
resembling sea urchins. Twenty particles were
found on the red optical filter with whiskers
averaging 10 pm long and 0.1 um wide. It is
hypothesized that these whiskers grew on the
particles during impact events on the lunar sur-
face. If this explanation is correct, then deter-
mination of the fraction of lunar particles that
contain whiskers may allow setting limits to the-
ories that predict migration of dust over the
lunar surface by various processes. These fea-
tures presumably have not been observed before
because of their friability.

Microbe Survival Analyses

A bacterium, Streptococcus mitis, was isolated
from a sample of foam taken from the interior
of the camera. Available data suggest that the
bacterium was deposited in the camera before
launch. Lyophilizing conditions existing during
pre-launch vacuum tests and later on the lunar
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surface may have been instrumental in the sur-
vival of the microorganism.

A piece of electrical cabling also was subjected
to microbiological analysis with negative results.
The absence of viable microorganisms could be
due to natural dieaway and dieoff caused by
vacuum and heat.

Conclusions

The analyses presented and discussed in more
detail in chapters IV through XI may be credited
with the following achievements:

(1) Collection of a wealth of technical infor-
mation applicable to the design and fabrication
of future spacecraft.

(2) General agreement in the upper limit of
micrometeoroid fluxes on the Moon for primary
particles less than 1 ,umA to several millimeters
in diameter and larger with values from other
sources.

(3) Establishment of the sources and types of
organic contamination from Surveyor and Apollo.

(4) Establishment of an almost identical cos-
mic-ray flux at 1 and 2.35 AU.

(5) An indication of a varying isotopic com-
position for the solar wind with time."

(6) Discovery of a new active erosion process
on the lunar surface.

(7) Discovery of “whiskers” on lunar dust
particles.

(8) Demonstration of the ability of a bac-

terium species to survive the rigors of the lunar
environment.

Although the return of additional general
hardware from the Moon or from space under
similar conditions does not appear to be war-
ranted, specific items (i.e., solar cells) or equip-
ment from specific environments (i.e., high-
energy radiation environments, the asteroid belt,
etc.) could be valuable. Possible future return of
space hardware should be accomplished in a
controlled manner in order to preserve the ef-
fects of exposure to be examined. The value of
scientific investigations on engineering hardware
is severely limited by the lack of suitable con-
trols, standards, or documentation of initial con-
ditions. The size, shape, surface texture, and
composition of engineering hardware is selected
for functional performance, and therefore does
not lend itself to scientific analyses. Engineering
materials are typically selected for minimum re-
sponse or change due to environmental factors
and are therefore usually less than optimum sub-
jects for evaluation.

In order to accommodate scientists in the fu-
ture with material suitable for analysis, it is rec-
ommended that a set of coupons consisting of
different types of material of interest be placed
on all spacecraft regardless of the present intent
of obtaining or revisiting the spacecraft. Such de-
vices presently exist that are light in weight (sev-
eral kilograms), have replaceable coupons, can
be remotely deployed, and are inexpensive.






lll. Returned Surveyor 3 Hardware: Engineering Results

W. F. Carroll, P. M. Blair, Jr., E. I. Hawthorne; S. Jacobs, and L. Leger

This chapter is a summary of the engineering evaluation of returned hardware performed
by the Hughes Aircraft Co. Results of the engineering investigations were essentially “non-
spectacular”; the primary value lies in the fact that no failures or serious adverse environment
effects on the hardware were uncovered that, to some degree, had not been anticipated. The
absence of detected major effects and the resulting implications for future space vehicles
are significant. However, the absence of effects should not be construed to indicate that the
problems associated with material and component selections, test, design, assembly, and sys-
tems test can be ignored.

Electronic components, including the vidicon tube, optics, materials, mechanisms, and
lubricants, were in generally good condition. No identified failures or anomalies, with the
exception of those resulting from thermal cycling, were caused primarily by the lunar
environment.

Although not necessarily the most technically significant, the most interesting results
were the external surface effects observed. The darkened color of the originally white surfaces,
as observed by the astronauts, was due to expected radiation damage and to the coating of
lunar dust. Although the Lunar Module (LM) landed 155 m from the Surveyor spacecraft,
debris disturbed by the LM “sandblasted” the Surveyor.

All anomalies associated with lunar operations of the Surveyor 3 television camera have
been resolved; however, there remain several questions regarding retrieval operations and the
condition of the returned hardware.

Detailed results of the engineering evaluation, interpreted by specialists in various tech-
nical disciplines, can have an important impact on the complexity, cost, and reliability of future
space vehicles. There are many implications to material and component selection, subsystem

design, and assembly and test criteria.

Hardware removed from Surveyor 3 by the
Apollo 12 astronauts in November 1969 and re-
turned to Earth was subjected to intensive engi-
neering evaluation in order to obtain information
on the hardware characteristics that could be of
value to the design, test, and operation of future
spacecraft.  No attempt was made to verify or
evaluate the Surveyor design, as such, except to
the extent that such an evaluation would yield
information of value to future designs.

The returned hardware contained representa-
tive samples typical of many current and future
spacecraft engineering subsystems and included
a wide variety of electronic components, optics,
functional mechanisms, materials, lubricants, and
thermal-control coatings and devices. The only
major spacecraft subsystems for which no mean-
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ingful hardware was obtained were propulsion
and “secondary” power (solar cells, batteries,
etc.).

Although the hardware remained on the Moon
for 31 months before return, the electronics and
mechanics subsystems functioned only during
the first 2 weeks. Radiation, thermal eycling,
vacuum, etc., were continuous through the re-
maining 30% months, but only on nonoperating
equipment.

The sequence of disassembly, engineering
analysis, and incorporation of science investiga-
tions was planned and executed to maximize
total technical return. The timing and scope of
some of the engineering investigations were con-
strained by science studies and by a requirement
to preserve the integrity of parts and materials
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for possible second-generation tests. These con-
straints affected the quantitative and statistical
validity of some of the data. At this time, how-
ever, there is no indication that the constraints
were responsible for loss of any significant infor-
mation or for failure to identify any potential
problem areas.

No attempt was made to conduct an “exhaus-
tive” investigation into any component, system,
or technical discipline. The tasks were structured
to identify and retrieve the significant technical
information, with emphasis on changes or ab-
sence of changes induced by lunar operations
and storage. The scope and approach of each
task were reviewed frequently to achieve opti-
mum technical return for resources available
without sacrificing significant information.

Some effort on parts of the investigation was
not justified by technical return, but instead was
expended because the opportunity was consid-
ered unique and because of the irreversible na-
ture of the procedures involved. For example, it
was ultimately shown that the failures of a tran-
sistor, the camera shutter, and the vidicon photo-
conductor were interrelated and the result of
weakness induced by pre-launch testing, with
lunar exposure playing only a secondary role. Ex-
tensive investigation was necessary to reach this
conclusion and to preclude primary lunar effects
or effects of ground command procedures.

Electronic Components

The returned Surveyor television camera con-
tained over 1500 resistors, capacitors, diodes, and
transistors. Some of these components were
tested in assembled circuits and as individual
components. These tests verified their general

integrity after 31 months of lunar exposure. A-

complete description of the electronic component
test program and detail results are presented in
reference 1.

Surprisingly few of the electronic components
failed. It was known that many of the compo-
nents which were found to have failed, such as
the shorted tantalum capacitor in the video am-
plifier circuit (described in ref. 1), were sensi-
tive to cryogenic cycling,

There were some components with cracked
glass envelopes, which were the result of thermal

stress cracks in the conformal coating. Some of
these exhibited malfunction due to internal dam-
age; others were functionally satisfactory. Dur-
ing development tests, this effect was identified
and is a material and process problem rather
than an electronic component problem.

A unique failure in the returned hardware
occurred in the shutter drive circuit of the tele-
vision camera. A failed transistor, which acted
as the shutter drive switch, caused the failure of
the shutter solenoid, and indirectly, damage to
the vidicon. This transistor, which had been
stressed before launch by a defective test circuit,
functioned satisfactorily during subsequent tests
and during Surveyor 3 lunar operations. The
initial failure probably was caused by a short in-
duced by thermal stress during the lunar night.
During the second or subsequent lunar day, a
voltage spike from one of several possible sources
(see ref. 1) caused the shutter to open and pro-
duced an overload on the shutter solenoid coil.
The solenoid insulation charred; this reduced the
resistance, causing an overload on the transistor
and causing it to “open.” Subsequent failure of
the vidicon is discussed below.

Minor shifts in characteristics were observed
in some of the electronic components. For exam-
ple, a platinum resistance thermometer showed
a change of 0.4 percent in temperature coefficient
of resistivity. However, these changes are insig-
nificant for most applications (see ref. 1).

Vidicon
When the camera was disassembled and the
vidicon examined, there was no evidence of the

photoconductive coating that had been on the
faceplate, and the final beam control grid (grid

- 5) immediately behind thé faceplate was rup-

tured. It was established subsequently that these
effects were secondary failures caused by the
open shutter. Solar radiation, diffusely reflected
from the mirror and focused on the faceplate
through the optics, caused a temperature rise
sufficient to evaporate the photoconductor. Dur-
ing the investigation, the failures were dupli-
cated on a spare vidicon in the laboratory.

Part of the evaporated photoconductor con-
densed on the adjacent grid. Subsequent diffu-
sion into the copper grid formed an intermetallic
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compound with gross changes in physical strength
and thermal coefficient of expansion. The actual
rupture may have been due to thermal cycling
or physical shock as a result of retrieval or re-
turn to Earth. The equivalent grid in the spare
vidicon used to duplicate the failure was found
to be ruptured when the unit was removed from
the furnace.

As part of the evaluation program, the vacuum
level of the vidicon was determined and found
to be equivalent to that of a vidicon maintained
in storage for the same period of time. This was
in spite of the fact that the camera was sub-
jected to a physical shock sufficient to cause two
large dents in the camera hood some time during
the recovery or return (probably during splash-
down in the Pacific Ocean).

Detailed examination and partial functional
tests (see ref. 1) indicated no other failures or
anomalies in the vidicon tube. The observed
failures emphasize the temperature sensitivity of
this type of vidicon design and also demon-
strate the need for configuration or mission
constraints regarding solar illumination of such
vidicon tubes.

Materials

The materials used in the Surveyor 3 camera
had been selected for stability in the space envi-
ronment. With the exception of the minor crack-
ing and apparent loss of strength in the FEP
Teflon cable wrap exposed to solar radiation, no
unexpected degradation of functional perform-
ance was observed. An examination of the alu-
minized FEP Teflon used to wrap the cable bun-
dles revealed surface cracks at wrinkles in the
wrapping. Physical tests showed a clear decrease
in tensile strength and elongation, although the
change could not be established quantitatively
because of limited sample size. As the Teflon
was used only for thermal control, performance
was not adversely affected in this stationary
cable. Because FEP Teflon is used extensively as
a spacecraft material, the effects of stress, radia-
tion, and thermal cycling should be investigated
more completely.

The Teflon dust seal between the mirror as-
sembly and the camera body was discolored and
curled, probably a result of dimensional change

and radiation darkening of the excess adhesive
used in installation.

The conformal coating used on electronic cir-
cuit boards produced the cracked envelopes de-
scribed previously. Similar failures were observed
during the development phase of the Surveyor
program, and the observation on the returned
Surveyor 3 camera was no surprise. The effect is
the result of differential thermal expansion and
excess thickness of application of the coating.

Peeling of the wire insulation observed in sev-
eral of the cable bundles seems to be the result
of physical stress imposed by the tie cords. Peel-
ing of the polyimide overlayer had been ob-
served during pre-flight laboratory testing of Sur-
veyor equipment.

As expected, there was significant radiation
discoloration of epoxy adhesive, nylon ties, glass
fabric, and cable insulation.

Microhardness of the returned polished alumi-
num tube had increased, which was due to the
thermal environment experienced by the tube on
the Moon.

Optics

The need to protect optical elements from dust
contamination was obvious during Surveyor 3
lunar operations in 1967 and was confirmed dur-
ing the analysis of returned hardware. All other
optical performance information gained from
post-return analysis is secondary to this conclu-
sion.

Lunar dust accumulated on the mirror during
Surveyor operations was considered the primary
cause of the veiling glare. (Another theory was
pitting by impacting lunar particles.) Dust as
the principal contributor was verified by photo-
graphs taken during operations at the Surveyor
site before and after a small area at the top of
the mirror was wiped by the astronauts.

Post-return analysis has demonstrated that
there are at least two distinct degrees of adhesion
of dust on the mirror (and other parts of the re-
turned hardware). The area wiped by the astro-
nauts and areas subsequently peeled for replica-
tion show remaining material adhering to the
mirror. As described in references 1 and 2, there
are several potential sources of the dust that con-
taminated camera surfaces. The differences in
adhesion may be associated with the source, the
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time, or the condition of deposition. The analysis
of the mirror is not yet complete; the relative im-
portance of the sources remains an unanswered
question. It is reasonable to assume that the ma-
terial removed by the astronauts and by replica-
tion peels represents that deposited by the LM
approach and descent and that the remaining
material represents that deposited by the ab-
normal landing of Surveyor 3.

Measurements by Rennilson (see ch. IV, pt.
E) of the clear filter transmission show a radia-
tion-induced transmission loss. This is not a sur-
prising result because radiation stability was not
a criterion in selection of the clear filter. How-
ever, such radiation damage could be important
to optical elements in future space missions.

Transmission and resolution of the returned
lens assembly were measured in a way similar to
that used before the mission. The slight decrease
in measured transmission can be explained by
the small amount of dust present on an outer
surface of the front element and by the con-
densed contaminant on the beamsplitter. The de-
crease would not have been significant for the
Surveyor camera, but could be detrimental to
other instruments. The dust effect stresses the
importance of particulate cleanliness during pre-
launch and mission operations. The contaminant
on the beamsplitter (probably from the shutter
solenoid ) emphasizes the importance of control-
ling condensable outgassing products.

Mechanisms and Llubrication

With one possible exception, no instances of
cold welding were identified in any of the re-
turned hardware. The shell of one of the electri-
cal connectors on the front of the camera ap-
peared cold-welded to the camera shroud. As
galling during installation is possible, this single
cold weld is not considered significant.

Selected mechanical subsystems were tested
functionally both in air and in vacuum; frictional
values obtained were nominal (refs. 1 and 3).
Removal torques were measured for all accessi-
ble threaded fasteners, again with no evidence of
cold welding.

Included in the returned hardware were seven
mechanical subsystems with independent drive
motors and gear trains; six of these subsystems

were on the camera and one on the scoop of the
surface sampler. During lunar operations, these
were exposed to different vacuum conditions.
(This was considered in planning and executing
the test program.) The scoop door and camera
filter-wheel drive mechanisms were exposed to
space and operated in the ultra-high-vacuum
conditions of the lunar surface. The three drive
mechanisms associated with the lens were lo-
cated inside the camera body and, because of
limited egress paths (the camera was not sealed)
and outgassing of adjacent components, prob-
ably never approached lunar vacuum conditions
during operations.

No lubricant failure, abnormal friction values,
or cold welding were detected. There was no
evidence of differences as the result of the lunar
exposure vacuum levels described. However, one
lubricant did appear to be marginal for the ap-
plication, as pre-launch tests had indicated.

Lubrication of potentiometer windings was in-
corporated in the design of later Surveyor cam-
eras, but was not included on Surveyor 3. The
absence of lubricant on the Surveyor 3 filter-
wheel position potentiometer contributed to the
failure of a substandard part. The potentiometer
failed to function as the result of a broken guide
block, which had been fabricated from an incor-
rect or substandard piece of material with a
physical strength substantially lower than nor-
mal. The remaining, unlubricated potentiometers
functioned during the 14 days of camera opera-
tion on the Moon, although wear was observed
during the post-return evaluation.

During Surveyor 3 operations, there had been
intermittent failure of azimuth step command
response. The failure occurred primarily during
thermal transients and in certain azimuth posi-
tions. Differential expansion during thermal
transients and the gravitational side load that
resulted from the angle at which Surveyor 3
rested on the Moon were assessed correctly as
contributing to the problem. Lubricant failure
and mechanical obstruction by lunar dust, con-
sidered contributory factors, were not evident
during post-return analysis. Instead, the large
azimuth drive gear had damaged teeth in posi-
tions that corresponded to positions at which
step failure occurred. The damage to the gear
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teeth probably occurred during pre-launch vibra-
tion testing, but may have occurred during space-
craft launch.

For mechanical requirements and duty cycles
equivalent to the 2 weeks of Surveyor operations,
the dry film lubricants such as those used on Sur-
veyor 3 seem to be more than adequate. For
more severe thermal, torque, or duty cycle re-
quirements, the Surveyor results can serve as a
valuable baseline for design and test criteria.

Surface Effects

Studies of surface discoloration effects con-
ducted as part of the engineering investigation
are described in detail in chapter IV, part A, of
this publication (also see refs. 1, 2, and 4). The
overall discoloration is due to expected solar
radiation darkening and a heavier than expected
deposit of lunar fines. The cause of discoloration
varies from all dust to all radiation, depending
on location on the camera; most of the surface
area has contributions from both dust and radia-
tion. The degree of radiation darkening is pro-
portional to the extent of solar exposure, as ex-
pected. While the magnitude of the change is
somewhat greater than predicted from laboratory
simulation, the discrepancy is within the uncer-
tainty of simulation results.

Considerably more lunar dust was found on
the surfaces than expected. It was known that
the abnormal Surveyor 3 landing disturbed lunar
material, which affected the camera mirror and
presumably other spacecraft surfaces. There is
substantial evidence (see ch. IV, pt. A) that the
approaching LM disturbed lunar material, de-
positing it on the camera surfaces. Lunar mate-
rial disturbed by the LM during final stages of
landing “sandblasted” the Surveyor, even though
the landing site was 155 m away. Details of the
sandblast effect are described in references 5
and 6.

There have been no high-velocity meteoroid
impact sites positively identified on any of the
returned hardware. As described in chapter VI
of this report, this finding describes an upper
limit for meteorite distribution.

Mission Anomalies

During Surveyor 3 operations, some anomalies
were noted in spacecraft performance. Three of

these were associated with camera equipment,
and all three have been resolved. None of the
anomalies were due directly to the lunar environ-
ment. The anomalies are summarized here for
the reader’s convenience:

(1) Image contrast attenuation and veiling
glare caused by dust on the mirror, which was
deposited during the abnormal landing.

(2) Intermittent fajlure of response to azi-
muth step command caused by damaged azimuth
drive gear teeth.

(3) Failure of the filter-wheel position poten-
tiometer caused by a broken guide block. An in-
correct or substandard piece of material had
been used to fabricate the block.

Unresolved Questions

Several unresolved questions remain regard-
ing the Surveyor spacecraft, Apollo 12 astronaut
operations, and the returned hardware. Although
some questions may be answered directly at a
future time, or inferred from current investiga-
tions, others may never be resolved. These un-
resolved questions are discussed in the subse-
quent paragraphs.

Polished Tube Cutting

The astronauts were unable to cut the section
of the polished tube originally designated for
retrieval. The tube from the radar altimeter and
doppler velocity sensor (RADVS) support strut
“appeared to be more brittle and easier to cut
than the tubes used in training.” (See ref. 7.)
Post-return analyses showed an increase in hard-
ness of the returned tube of a magnitude that
would be expected from the thermal environ-
ment. No assumption can be made regarding a
change in characteristics of the originally desig-
nated tube that would prevent it from being cut.
Comments made by the astronauts during de-
briefing and photographs taken on the Moon
verify that reflected sunlight from the astronauts’
suits provided sufficient illumination to insure
that they were not attempting to cut the solid
end fittings. Although the tube was in the shade
of the spacecraft and thus would be cold, avail-
able cryogenic data indicate no change in prop-
erties that would cause an inability to cut the
tube.
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Cable Wrap

The astronauts reported that the cable insula-
tion shredded and behaved like “old asbestos.”
This observation presumably applied to the glass
fabric-wrapped cable that runs from the front of
the camera to the mirror assembly. There was no
evidence during the evaluation to confirm or sup-
port this observation. Cutting the fabric would
produce short fiber fragments, and the observa-
tion may have been an artifact of such fragmen-
tation in the collimated lunar sunlight.

The possibility remains that the cable wrap
was highly friable and disintegrated when cut
but that, upon return, absorbed atmospheric
gases restored the flexibility and durability.
Nylon has been demonstrated to exhibit such an
effect associated with absorbed moisture; no doc-
umented evidence of a similar effect for glass
fiber has been identified.

Camera Power

The interrelationship and sequence of failures
including the drive circuit transistor, the shutter,
and vidicon have been identified. The question
of which of the possible sources provided the
voltage is still unanswered. There is no evidence
in telemetry that the spacecraft responded to
turn-on signals or that the necessary additional
signal to turn on the camera was sent. The condi-
tion of the returned hardware clearly demon-
strates that the camera was powered from some
source after the first lunar day. It is reasonable
to assume that the spacecraft did turn on as com-
manded, but that response telemetry was not re-
ceived. With the spacecraft on, power to the
camera could result directly from some internal
malfunction or from an incorrectly translated
command.

Lunar Dust Contamination

It has been possible to determine quantita-
tively the contribution of lunar dust contamina-
tion to the total discoloration and to identify at
least two sources of dust contamination: Surveyor
and LM. It has not been possible to determine,
except qualitatively, the relative contribution of
the dust from the Surveyor and LM landings.
From the results of current and planned investi-

gations and intercorrelations, it may be possible
to improve our understanding of the dust origin.

Organic Contamination

Results of the discoloration study have indi-
cated that, from an engineering standpoint, or-
ganic contaminants are insignificant to the total
observed discoloration. The presence and rela-
tive importance of organic contaminants to optics
and the possible implications to science instru-
ments on future spacecraft remain unknown at
this time.

Conclusions and Recommendations

(1) Analyses of the returned Surveyor 3 hard-
ware have produced information on the perform-
ance of typical spacecraft materials, components,
etc., that can have a significant impact on future
space vehicles. The major finding is the absence
of significant effects of lunar exposure.

(2) Return of additional general hardware
from the Moon or from space under similar con-
ditions does not seem warranted. Specific items
(ie., solar cells) or equipment from specific en-
vironments (i.e., high-energy radiation belts
around the Earth, the asteroid belt, etc.) could
be of value. Possible future return of space hard-
ware should be accomplished in a controlled
manner in order to preserve the effects of expo-
sure to be examined.

(3) Some engineering investigations were lim-
ited by the availability of controls or of docu-
mentation regarding initial conditions; however,
the spare cameras and hardware in storage
proved extremely valuable. Materials were se-
lected because of their minimum response or
change as the result of exposure to environmen-
tal factors. Systems were designed to allow for
some variations within reasonable tolerances. Re-
sults of the comprehensive pre-launch testing to
guarantee satisfactory engineering performance
permitted the identification of the presence or
absence of major changes. Pre-launch testing or
characterization of all components to the degree
necessary to identify subtle, but potentially im-
portant, changes was technically unnecessary
and economically impractical. Based on requests
for control parts and pre-launch information
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from investigators, science investigations were
similarly limited.

(4) Several continuing or potential problems
for future missions have been identified or veri-
fied by this investigation. They are:

(a) Transport of lunar dust induced by land-
ings and surface operations and the effects of
such dust on optics, mechanisms, and tempera-
ture control will provide a significant constraint
on future lunar operations. Results of the analy-
sis of the returned Surveyor hardware provide
valuable information on the magnitude of this
problem and should be the basis of additional
research.

(b) Changes observed in the physical proper-
ties of FEP Teflon and the widespread use of
this material for current spacecraft indicate the
need to investigate the effects of stress, radiation,
and thermal cycling on these properties.

(¢) Radiation discoloration observed, although
expected, emphasizes the continuing need to im-
prove the stability of thermal-control coatings
and/or constrain the thermal design to allow for
degradation and its uncertainty.

(d) Results of the evaluation of mechanisms
and lubricants provide a significant baseline for
analysis and conduct of friction and lubrication
research.

(e) Cracking of conformal coating and failure

of wire insulation are recognized as preventable
problems. This program has emphasized the
need for correct material selection and installa-
tion or application procedures.
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IV. Spacecraft Changes

PART A

LUNAR DUST AND RADIATION DARKENING OF SURVEYOR 3 SURFACES

W. F. Carroll and P. M. Blair, Jr.

One of the most conspicuous features noted
by the astronauts during examination of Surveyor
on the Moon and later during examination of the
returned hardware in the Lunar Receiving Labo-
ratory (LRL) was the change in color. The over-
all tan color was in sharp contrast to the stark
white paint and shiny metallic surfaces of Sur-
veyor before launch (and to that on the model
used by the astronauts during training ).

Discoloration due to radiation darkening of
the paint and to accumulated lunar dust had
been expected. However, the expected patterns
of radiation damage and conjectured patterns of
dust accumulation were not evident on the re-
turned hardware. The investigation to establish
the causes of discoloration and the apparent ab-
sence of expected patterns has yielded informa-
tion, primarily on the effects of lunar fines, which
will be of value to future lunar operations.

The white paint used on Surveyor was known
to be subject to radiation darkening. The nature
and rate of discoloration had been measured in

simulation tests (refs. 1 and 2), and the effect

verified from temperature measurements on Sur-
veyor 1 (ref. 3). Patterns of discoloration related
to solar illumination geometry were expected be-
cause the magnitude of discoloration increases
with total solar irradiation.

The abnormal landing of Surveyor 3 resulted
in veiling glare and substantial loss of contrast in
the pictures taken during spacecraft operation.
This effect was attributed to dust on the mirror;
the upper part of the mirror was significantly
more affected than the lower, recessed part. It
was reasonable to expect a similar coating of
lunar dust on other surfaces of the camera, and

23

with comparable variations in quantity. The as-
tronauts observed dust contamination on the Sur-
veyor, but detected no directional pattern asso-
ciated with the Lunar Module (LM) landing
(ref. 4). No effects from the LM had been ex-
pected, as there was “. . . preflight consideration
that the landing occur outside of a 500-foot
radius of the target to minimize contamination
of the Surveyor vehicle by descent engine ex-
haust and any attendant dust excitation” (ref. 5).

Summary

Measured spectral reflectance, evidence ob-
tained from photographs, scanning electron mi-
croscopy, and the work of other investigators on
Surveyor hardware have been used to develop
an understanding of the observed discoloration
and its meaning to future space and lunar opera-
tions.

Measured reflectance data have been analyzed
to separate and understand the effects of lunar
dust and radiation damage and to conclude that
organic contamination is not a major contributor
to the discoloration.

Radiation-induced discoloration on the various
surfaces has been found to be proportional to the
degree of solar illumination. Photobleaching of
the radiation damage was observed and is re-
sponsible for a gradual change in the color of the
camera’s surface during the evaluation program.

Organic contamination, although undoubtedly
present, does not seem to be a significant factor
in the observed discoloration of the external sur-
faces.

Almost all exposed external surfaces on the
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camera are partially covered with a fine layer of
lunar dust. The distribution of lunar material in-
dicates significant contributions from fines dis-
turbed by the initial Surveyor landing and by the
approach and landing of the LM. The approach-
ing LM apparently disturbed lunar surface mate-
rial (which reached the Surveyor) over about
the last 300 m of its ground track, in addition to
the observed dust cloud immediately before
touchdown. Some of the disturbed surface mate-
rial contributed to the contamination; some of
the dust cloud impacted the Surveyor and pro-
duced observable surface changes.

Lunar material, even in very small quantities,
can have a significant effect on temperature con-
trol and optical performance of hardware on the
lunar surface.

Examination Evidence

When the returned camera was exami.ed in
the LRL, the exterior was a dirty gray-to-tan
color, with varying shades and tones and with
considerable evidence of disturbance caused by
handling during retrieval and return. There was
no evidence of the expected contrast in radiation
discoloration between surfaces with extensive
solar exposure and those with little or no expo-
sure. All external surfaces of the camera were
discolored or contaminated in varying degrees.

The only obvious discoloration pattern was a
series of shadows that did not correspond to solar
illumination or other identifiable spacecraft ge-
ometry. In all cases, these sharply defined darker
regions were found on the side of the camera
that faced northwest, toward the LM landing
site. Each shadow was associated with a protrud-
ing or raised surface located on the camera and
near the dark region. These patterns have been
shown by Jaffe (ref. 6) and Cour-Palais (ref. 7)
to be the result of “sandblasting” of the camera
surface by lunar material disturbed by the de-
scending LM.

When the support collar was removed from
the camera, a quantity of dark, particulate mate-
rial was found inside the collar recess. (See fig.
1.) A bright spot on the camera body appeared
to be an image of the inspection hole (fig. 1),
but alined with the inspection hole (fig. 2) at a
peculiar angle. The displacement of the image

subsequently was shown to correspond exactly
to the angle of incidence of material disturbed
by the landing LM. Thus, the dark, particulate
material trapped in the recess “sandblasted” the
surface inside the clamp and produced the bright
spot. It represents a sample of the LM-disturbed
lunar material that “sandblasted” the Surveyor.

The first surface mirror of the camera has a
diffuse appearance and light tan color. Visual
examination with correct lighting, infrared pho-
tography (see fig. 3), and subsequent reflectance
measurements by Rennilson (see ch. IV, pt. E)
showed retention of partial mirror quality. The
diffuse appearance is the result of light scatter-
ing from a partial layer of lunar fines. The mir-
ror’s surface appeared brighter in the area wiped
by the astronauts as part of their examination. A
small region near the top of the mirror, appar-
ently rubbed by the plastic bag some time before
release from quarantine, appeared brighter and
cleaner than the region wiped by the astronauts.
After the mirror was removed from the camera
housing, the gradation in coverage by lunar fines
from top to bottom was clearly evident. The
upper protruding end had substantially more
lunar material on the surface.

During subsequent examination, acetate repli-
cation peels were taken by other investigators
from selected areas of the mirror to remove the
adhering lunar material for study. The peeled
areas showed a distinct improvement in specu-
larity, verifying that the major source of light
scattering was a readily removable layer of lunar
fines. However, the protruding part of the mirror
retained a slight, but distinct, diffuse character
while the lower, recessed end of the mirror ap-
peared more nearly restored to its original con-
dition.

A geometrically sharp, curved line was identi-
fied near the bottom of the mirror. This line was
a perfect projection image of the front opening
of the mirror assembly from a direction in front
of and below the camera. Following replication
peels, a part of a second, less distinct, but geo-
metrically sharp, similar image line was identi-
fied. Low-power, optical microscopic examina-
tion showed the upper line to be a demarcation
in population of small-scale, light-scattering sites,
either small pits or adhering particulate material.
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58 SUPPORY COLLAR
CONFACT AREA

Frcure 1.—Surveyor 3 television camera with front half
of support collar removed. Back half has been dis-
placed toward the right and upward from its original
position.

Examination of peels using the scanning electron
microscope showed a difference in small-scale
(~1 pm) surface features across both of these
lines. Although other explanations are possible
(ie., highly directional contamination during
pre-launch vacuum testing), these lines most
likely represent the effects of debris from two
points on the lunar surface near the camera. The
geometry associated with these images and loca-
tion of the probable points on the lunar surface
are described by Nickle. (See ch. IV, pt. D.)

During the evaluation program, the discolored
white paint on the camera’s exterior surface
seemed to be fading, which was first attributed
to gradual loss of lunar fines from the surface. It
has been demonstrated since that the effect was
due to photobleaching of radiation damage in
the paint and that no loss of lunar material had
occurred. The photobleaching of this paint had
not been identified previously because of its slow
rate; however, the effect is not surprising, as this
bleaching of induced optical damage is well
known (ref. 8).

Reflectance Measurements and Analysis

During the evaluation, spectral reflectance was
measured in the 0.4- to 2.5-um wavelength range
on samples from representative areas of the cam-
era surfaces. Description of the method and com-
plete data are contained in reference 9. It has
been possible to analyze these data, correlate the
results with other investigations, and reach con-
clusions regarding the contributions of dust, or-

LOWER SHROUG: NORTHEAST !
SIDE (FRONT)

LOWER SHROUD'
SOTIOM,

Ficure 2.—Returned Surveyor 3 television camera.

Ficure 3.—Returned Surveyor 3 television camera photo-
graphed with infrared film. Note the clarity of the
mirror compared with figure 2 (ch. I) and figure 26,
(ch. IV, pt. E) of this document.

ganic contaminants, and radiation damage to the
total discoloration.

The white surfaces showed a decrease in re-
flectance at all wavelengths in the range meas-
ured. Laboratory tests (refs. 1, 2, and 10) have
shown that neither ultraviolet radiation nor low-
energy protons cause optical damage of this
paint in the near infrared (wavelength >1.0
pm). Thus, the observed reduction in reflectance
at wavelengths greater than 1 um is attributed
to the presence of lunar dust; the magnitude of
the reduction is proportional to the quantity of
lunar dust present.

The expression developed to analyze the ef-
fects of dust and radiation is shown by

pm, = pp,K\Ap + pp,(1 — 6,Ap)*
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where
pm, —measured sample reflectance at
wavelength A
pp, K, Ap=first surface back reflection from
dust particles (negligible quan-
tity for the white paints)
pp, —=reflectance of paint surface at
‘wavelength A (pp, = po, if DO
radiation damage has occurred;
po, is original paint reflectance).
a, =—proportionality constant related to
absorptance and scattering of
dust at wavelength A
Ap=fraction of surface area covered
by lunar dust

This expression shows that the reduction in
reflectance is proportional to the fractional area
covered by lunar fines and the spectral absorp-
tion and scattering of the lunar fines. (The
incident and reflected energies pass through the
dust “filter,” thus the squared term.)

This expression, with the knowledge that
radiation does not produce near-infrared damage
and with information on the spectral properties
provided by Nash! permits separation of the
effects for all wavelengths. The radiation deg-
radation then can be compared to laboratory
simulation results, both in spectral character and
total magnitude.

Similarly, the calculation permits comparison
of the relative quantities of lunar material on
various areas of the camera. The relative quanti-
ties so determined are shown in table 1.

Transmission measurements were made by
Rennilson (see ch. IV, pt. E) before and after
removing the layer of lunar fines from the clear
filter of the camera. For this measurement, the
detector senses only that energy in a small, solid
angle in the forward direction; the energy that
encounters lunar particles is either absorbed or
scattered out of the forward direction of the
beam. Thus, the measurement becomes a good
estimate of the fractional area of the filter
covered by lunar fines. The fraction 0.25, thus
calculated, has been verified by Nickle (see ch.
IV, pt. D) from data given by Robertson et al.
(See ch. IV, pt. B.) Comparable, but somewhat

' D. Nash, JPL, personal communication,

different, measurements of the clean and dusty
areas of the filter were made as part of this
investigation. For these measurements, the filter
was mounted at the entrance port of an inte-
grating sphere so that both the forward scattered
and direct transmitted energy were detected.
Comparison of data from these two measure-
ments makes it possible to estimate the value of
spectral absorptance of the lunar fines on the
clear filter. The accuracies of these measure-
ments warrant only an estimate of the magnitude
of the absorptance; however, such an estimate
permits a reasonable assumption of the quantity
of Junar material on the painted surfaces from
reflectance data and the equation presented.

Other Evidence

Examination of metal surfaces (screws and
washers) from the camera, using the scanning
electron microscope (SEM), provided the first
direct indication that lunar dust was responsible
for a major part of the discoloration observed.
Similar examinations permitted determinations
of the quantity and particle size distribution of
the lunar material on metallic camera surfaces.

It was not possible to obtain direct images of
the lunar fines on the painted surfaces by using
the SEM. Anderson (see ch. IV, pt. F) measured
relative quantities of lunar material on the
painted surfaces using a microprobe attachment
for a SEM. These results show similar agree-
ment with determinations made from reflectance
data (calculated in a way similar to that de-
scribed ).

The relative quantities of lunar material in
various surfaces were determined by Schaeffer *
and Satkiewicz (see ch. IV, pt. H) and are given
for comparison in reference 9. Schaeffer meas-
ured the quantity of trapped solar wind helium
on samples from selected areas on the camera.
The helium content, dominated by that trapped
in the lunar fines, provides a measure of the rela-
tive quantity of lunar material. Satkiewicz, using
an ion microprobe, traced the composition of
sputtered materials with depth. Tracing the
change in content of materials unique to the

20. A. Schaeffer, State University of New York, per-
sonal communication.
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TaBLE 1.—Comparison® of amount of lunar dust on various painted surfaces of the camera

Sample or measurement Location Relative quantity »
of lunar dust

906................. O Of VISOT. . . s s (1.0)
907. .. .. Mirror hood: south P side (away from LM). ... ... ... ... ... ... ........... .5
908................. Mirror hood: north side (toward LM). .. ... ... .. ... ... ... ... ... . ... 1.0
898. ... ... Lower shroud: northwest side (toward LM)... ... ... ... ............ ... .... .9
900................. Lower shroud: southeast side (away from LM).. . ... ... ... ... ............ 4
T-3. . o Lower shroud: southeast side (small area adjacent to camera power cable). . .. .. <<.1
893. .. ... Lower shroud: front (facing northeast). ............. .. ... ... .. ........ 7
T-7. . Lower shroud: rear (facing west). .. ............ ... i 1.1
T-8. .. Lower shroud: rear (facing south). . .. ... .. ... ... ... it .8

s Normalized to visor top (906).

b Lunar direction; for spacecraft orientation on the Moon, see ch. 1.

lunar fines and to the paint permits an estimate
of area coverage and effective thickness of the
lunar material.

Discussion and Conclusions

Radiation Damage

Discoloration caused by radiation damage has
been shown to be proportional to the solar illu-
mination, as expected. The spectral character of
the damage matches that obtained from simula-
tion tests conducted in the laboratory. The mag-
nitude of the damage is in reasonable agreement
with laboratory simulations.

The observed photobleaching was not surpris-
ing, although it had not been observed previ-
ously on this paint. The observation emphasizes
the need to return and subsequently handle
hardware under controlled conditions.

The major value of the successful confirmation

of expected radiation damage lies in the result-
ing conclusions regarding dust eflects and or-
ganic contamination. The observed damage also
emphasizes the need to consider degradation of
thermal-control surfaces and the corresponding
uncertainty in the thermal design of space and
lunar vehicles.

Organic Contaminants

From analyses of reflectance data, it was con-
cluded that organic contaminants, although most
likely present, were not significant contributors
to the observed discoloration. This conclusion is

substantiated by the work of Simoneit. (See ch.
V.) Effects of organic contaminants, although
not significant to the discoloration of the thermal
surfaces, may be a factor in the condition of the
optics.

Lunar Dust

Adhering lunar dust radically changed the op-
tical properties of the thermal-control surfaces
and degraded the performance of the optics on
the Surveyor camera. Veiling glare and contrast
attenuation experienced during the Surveyor 3
lunar operations was due to lunar fines adhering
to the mirror.

The distribution of lunar material on the vari-
ous parts of the camera is summarized in table 1.
These values are relative and normalized to the
fractional area on top of the visor. The samples
measured on the north and northwest side facing
the LM landing site (samples 908 and 898), ex-
posed to the “sandblast” effect, indicate a sub-
stantially higher coverage by lunar material than
the opposite side. Because the sandblasting pro-
duced a lighter color by removing material, the
earlier coverage was even higher. Although dep-
osition of the heavy coating on the north and
northwest surfaces may have occurred during the
Surveyor landing, such an explanation is incon-
sistent with the amount found on the northeast
(front) side.

Almost as much lunar material appeared on
the front (sample 893, facing northeast) as on
the side toward the LM landing site (north-
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west). During the Surveyor landing, deposition
on the front was unlikely; deposition without
some shadowing and light/dark contrast caused
by protruding cable connectors would have been
impossible. Deposition during final stages of the
LM landing (when detected by the astronauts)
also would have produced contrasts that were
not evident.

The camera surface showed considerable evi-
dence of scuffing and disturbance as the result
of unavoidable handling during retrieval and re-
turn. This handling undoubtedly resulted in
some redistribution of dust from one area to an-
other. However, because the “sandblast” patterns
remained so evident, redistribution was not suffi-
cient to cancel the contrasts discussed above.

Rennilson reports evidence of more dust on
the returned mirror than during Surveyor opera-
tions in 1967. (See ch. IV, pt. E.) In order to
reach the mirror, dust disturbed directly by the
LM exhaust must have occurred while the LM
was about 300 m or more from its landing site
(assuming line-of-sight trajectories for particles
and assuming negligible effect from secondary
material disturbed by surface impact of particles
blown by the LM exhaust).

Thus, a major fraction of the lunar material on
the northeast (front) and northwest sides must
have arrived from a diffuse (multi-directional)
source, disturbed by the approaching I.M some-
what uniformly over most of the last 300 m or
more of its ground track.

Some areas of the camera not in “sight” of the
approaching LM also have a covering of lunar
dust; this probably is due to the abnormal Sur-
veyor 3 landing, which is known to have -affected
the camera mirror. The lunar material on the re-
turned polished tube was oriented in such a way
that it must have been deposited during the Sur-
veyor landing.

Long-term deposition, such as lunar surface
debris disturbed by meteorite impact, probably
would produce uniformity on all sides; this was
not observed. If the lines observed on the mirror
are a result of secondaries produced by meteor-
oid impacts on the lunar surface in the vicinity
of the Surveyor, such secondaries would be ex-
pected to contribute to the dust discoloration of
the camera, but to an insignificant degree (<10
percent of the total lunar material).

The observed dust, therefore, originated from
both the Surveyor and LM landings, with each
contributing a significant amount to various sur-
faces. “Lunar transport” seems to be relatively
insignificant, if evident at all.

From reflectance data and filter transmission
measurements described, it is possible to show
that the dust contaminant on the camera is in the
range of 10~° to 10~* g of lunar fines per square
centimeter of surface area. This small quantity
radically alters the reflectance of the critical re-
flective thermal-control surfaces, increasing the
absorbed solar thermal energy by a factor of 2
or 3. The quantity is small compared to the ap-
proximately 10 g/cm?, which arrived at the
Surveyor from the LM landing 155 m away. Be-
cause of the size and velocity of arriving parti-
cles, the primary effect of this final “blast” was
to clean, rather than to contaminate, the surface.
However, fines disturbed earlier in the LM ap-
proach contributed to the contamination of the
Surveyor camera surfaces.

Clearly, lunar material disturbed by ascent or
descent rockets can have a major effect on equip-
ment on the lunar surface, even at a substantial
distance from the flight path.
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PART B

CHARACTERIZATION OF DUST ON CLEAR FILTER FROM RETURNED
SURVEYOR 3 TELEVISION CAMERA

D. M. Robertson, E. L. Gafford, H. Tenny, and R. S. Strebin, Jr.

Surveyor 3 landed on the Moon in April 1967. Part of the spacecraft was returned to
Earth in November 1969 by the Apollo 12 astronauts.

A stripping film containing dust removed from the camera light filter was received for
study by Battelle-Northwest (BNW) from the Jet Propulsion Laboratory (JPL). The study
conducted involved the characterization of the dust; the results of the study are presented

here.

Individual particles of dust from the Surveyor
3 camera light filter were examined. The dust
particles (from 2 to 40 um) were released from
a (stripping) cellulose film, isolated, and ana-
lyzed by optical microscopy, electron micro-
probe, and X-ray diffraction. The analytical re-
sults indicate that the dust is of lunar origin.
While the average composition and characteris-
tics are in agreement with other lunar fine
analyses (see ref. 1), this study clearly shows

significant composition variation from particle to

particle in the micrometer-size range.

Handling of Primary Samples

The samples, three cellulose films, were taken
consecutively from one-half of the clear filter.
The sample package was opened in the front sec-
tion of a laminar air flow clean bench; the sam-
ples were immediately transferred into the bench
work area. (See fig. 1.) The films were taped to
clean microscope slides with the particle-contain-
ing surface facing up. (See fig. 2.) The samples
remained in the bench until packaged for return
to JPL.

Analytical Processing

Examination of “As Received” Celluiose Films

Figure 3 shows the particle content of the
three films and a blank. This blank may not be
the same lot of film used to strip the particles.

It is apparent from the photomicrographs that
the first strip (ND-1) removed much more dust
than succeeding strips (ND-2 and ND-3). Film
ND-1 was used to obtain the particles for study.
No additional work was performed on ND-2 and
ND-3.

General Procedure for Individual Particles

The general procedure for analysis of an indi-
vidual particle involves the steps described be-
low. Particle 5 was photographed at various steps
to help visualize the procedure. (See fig. 4.)

Step 1: Locate or select a particle in the
cellulose film for analysis. (See fig. 4(a).)
Step 2: Cut a square of film (about 100 by
100 pm) containing the particle and re-
move the square to a clean microscope
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Ficure 3.—(a) Film ND-1. Transmitted light (at 400 X) in polacolor. (b) Film ND-2.
Transmitted light (at 400 X ). (c¢) Film ND-3. Transmitted light (at 400 x ). (d) Blank
cellulose film.,
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slide. (Fig. 10 is an example of such a
square. )

Step 3: Dissolve the square film (see table
1); isolate the particle from other particles
in the square and wash it free of film ma-
terial. (See fig. 4(b).)

Step 4: Transfer the particle with a tungsten
needle to the grid of an electron micro-
probe mount and map the location. (See
fig. 4(¢c).)

Step 5: After microprobe analysis, recover
the particle and mount it on a glass fiber
tip for X-ray diffraction. (See fig. 4(d).)

The clean laboratory, a clean bench with opti-
cal equipment, and particle tools are shown in
figure 1. Figures 5 and 6 show the electron micro-

probe and the specially developed X-ray diffrac-
tion camera, Figure 7 shows some primary particle
5 data obtained with the microprobe. Three-
stage, thermal jonization mass spectrometry is
also used in particle studies when isotopic abun-
dance data are needed.

Optical Examination

Optical examination indicated the following
general morphological characteristics. (See table
2.) About 90 percent (number base) of the visi-
ble material was small (<10 wm), transparent,
clear to pale yellow, slightly angular, flattened,
and glassy. The remaining particles were larger,
more intensely yellow, and more equant and
rounded. Unique shapes included spheres and

TaBLE 1.—Analysis procedures

Dissolution of cellulose film

In order to isolate individual particles, a solvent with rapid dissolving properties and a moderate evaporation rate
was needed to dissolve acetyl cellulose stripping film.

After screening 14 possible solvents, acetonitrile and N-N dimethylformamide were found to be the most promis-
ing. By combining half acetonitrile and half N-N dimethylformamide, the solution and evaporation rate allowed the
solution of micro squares of acetyl cellulose on a microscope slide in small droplets of solvent.

Electron microprobe X-ray analyzer procedure and equipment

Isolated particles were analyzed on polished cobalt substrates with a Materials Analysis Co. Model 400-$ electron
microprobe. The emitted X-rays were resolved and measured by a cooled, lithium drifted silicon energy dispersive
detector.” (See fig. 7.) This detector has a resolution of 300 eV for 6.4~keV X-rays and is equipped with a 1-mil Be
window. Polished metal surfaces were used for standards except for sodiwm, potassinm, chlorine, and sulfur. Carbon-
coated single crystals of KNO;, NaF, and NaCl were used as standards for potassium, sodium, and chlorine, respec-
tively. Carbon-coated sulfur was also used as a standard. The elemental composition of the particles was determined from
the X-ray spectra by a weighted least-squares fit obtained with a “GEM” computer program. (See ref. 3.)

A 20-keV electron beam of 1 X10™° A was swept across each particle, a secondary electron image of the particle
was produced on an oscilloscope. The beam then was centered on the particle and the emitted X-rays were counted
for 5 min. The data were printed on punched paper tape. The computer program was used to obtain the analytical
results.

X-ray diffraction procedure and equipment

The X-ray diffraction of individual lunar particles was accomplished on a Rigaku Denki rotating anode gener-
ator (RU-3V). Nickel-filtered copper Ka radiation was used with the tube operated at 45 kV and 45 mA. A 2.58-
cm-diameter powder diffraction camera (fig. 6) was used for the analysis. This camera was designed and built at
BNW to determine X-ray spectra on micrometer-size particles. The camera is evacuated to a pressure of 50 pm dur-
ing-the exposure time.

Each individual particle was mounted on a glass fiber that had been drawn out to a 2- or 3-um point. Lunar par-
ticles were held to the fiber with a small amount of rubber cement. During exposure, samples were rotated at 1 rpm.

The X-ray diffraction spectra were recorded on Kodak No-Screen Industrial X-Ray film and processed in a nor-
mal manner.

* Sodium was determined by wavelength dispersion and a flow counter.
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e

Ficure 5.—Electron microprobe X-ray analyzer.

rods with somewhat bulbous ends. Opaque mate-
rial was less than 5 percent of the total. Birefrin-
gence was present in less than one-half of the
material and was generally weak. Scanning elec-
tron microscope photomicrographs of typical
particles (67, 77, and 52) are shown in figure 8.

A number count and estimated size of parti-
cles were made at four locations in the film cor-
responding to filter locations marked in figure 9.
Squares, nominally 100 um on a side, were cut
from the film. (See fig. 10(a).) The square was
dissolved and the particles allowed to separate
over a restricted area to facilitate counting. (See
fig. 10(b).) The separated particles were counted

Ficure 6.—(a) X-ray diffraction unit showing camera
(center) in place. (b) X-ray diffraction spectrum.

and sized at about 500 X magnification in trans-
mitted light. Size was estimated to the nearest
micrometer with a calibrated reticule. (See fig.
11.) No depth estimate was made. Sizes up to
about 5 um were recorded as a single dimension;
ie., diameter of an “equivalent” area circular
particle. The average estimated lengths and
widths were recorded for larger particles. The
data are shown in figure 11 and are presented
in table 3.

Electron Microprobe Elemental Composition Analysis

Seventy-five individual particles were analyzed
using the microprobe. Only particle 60 (a stain-
less steel) appears to be man-made and may be
a piece of the Surveyor 3 spacecraft.

Table 4 lists the “average” composition of the
particles analyzed. This composition is compared
with the wet chemical analysis of bulk fines
(ref. 1).

The microprobe data for the 75 individual par-
ticles are listed in tables 5 and 6 according to in-
creasing percentages of silicon, the most preva-
lent element. Table 5 lists the weight percent for
each element. Table 6 lists calculated and nor-
malized data, with the assumption that certain
elements are present as oxides. Oxygen could not
be measured with the present detector system.

There is good agreement between bulk and
our averaged individual particle values for sev-
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SECONDARY
ELECTRON
IMAGE

ENERGY SPECTRA WITH DIODE DETECTOR

ELEMENTAL DISTRIBUTION BY X-RAY IMAGE

P

ALUMINUM

SILICON

TITANIUM

CALCIUM

Ficure 7.—Electron microprobe data for particle 5.
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Ficure 8.—Scanning electron microscope photomicro-
graphs of typical particles. (a) Particle 67 at 4000 X.
(b) Particle 67 at 10000 x. (c) Particle 67 at
25000 x. (d) Particle 77 at 2000 x. (e) Particle 77
at 15000 x. (f) Particle 52 at 4000 X. (g) Particle
52 at 15000 X.
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Ficure 8.—Concluded.
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* 2* 3* 4

*LOCATIONS ON CLEAR FILTER CORRESPONDING TO
POSITIONS ON THE STRIPPING FILM (SEE FIGURE
2), WHERE SQUARES WERE EXTRACTED FOR
PARTICLE SIZE AND COUNT DETERMINATIONS.

Ficure 9.—Diagram of clear filter. Strip films were taken
from right half.

eral oxides; e.g., Si0O,, FeO, and Na,O. The dif-
ferences that appear are perhaps to be expected
because our composite was small (75 individual
particles). This is supported by the fact that
differences between our average value and our
single particle compositions showed even greater
variations. Thus, analysis of individual particles
can be important when dealing with fines and
dust.
X-Ray Diffraction Data

The X-ray diffraction results of 30 dust parti-
cles are listed in table 7. About 57 percent of the
dust particles are amorphous or glassy material.
This appears to be consistent with previously
examined lunar fines and soils. (See ref. 2.)

Of the crystalline material examined, there are
two major mineral phases present: plagioclase
and clinopyroxene. Bytownite, anorthite, and
labradorite members of the plagioclase group
were found. Augite and pigeonite clinopyroxenes
were the other major minerals identified. Tridy-
mite also was found.

Ficure 10.—(a) Square of film containing particles to be counted (at 400 X ). (b) Separated
particles from square of film (at 50 X ).
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Size, um Color
Sample
LXWXH Transmitted Incident
T6. 10X 8X%9 Yellow Yellow
56 . 15X7X6 Colorless Yellow
T8 11xX6%8 Black Yellow
66.. . ... ... 12X6X6 Yellow Yellow
67. . . 10x8x10 Colorless Yelliow
61.... ... 25X 8X6 Colorless Colorless
75 19%8X7 Yellow Yellow
59 12X 12X 6 Yellow Yellow
83, . 5%3%3 Yellow Yellow
52 12 10X 9 Brown - Yellow
T2 20X 19x13 Opaque Yellow
69, ... . 15X7X6 Colorless Yellow
T3 28X 16X 8 Yellow Yellow
68.. ... 10X 8X%9 Yellow Yellow
ST 20X17X 15 Yellow Yellow
A e Diameter=35 Colorless Colorless
62, ... . 15X 12X6 Yellow Yellow
T4 .. e 29%x 19X 8 Brown Yellow
5S4, 18x10X10 Dark yellow Yellow
50 ... 22X 18X 15 Dark yellow Yellow
S8 12X 10X 8 Yellow Yellow
9. 57X31x24 Opaque Dark yellow
Shoo 17Xx17%X 10 Yellow Yellow
700 ... 11x6X8 Yellow Yellow
80.... 21X 13X9 Yellow Yellow
SS. 20X 15%X15 Brown Colorless
81.... . 16xX9X7 Yellow Yellow
64.. ... ... ... 10X 8% 10 Colorless Colorless
53 18108 Yellow-brown Yellow
60....... ... 30X6X6 Opague Metallic silver

During the diffraction studies, a significant fea-
ture was observed that may bear upon the origin
of the dust. Even though the general particle size
was in the micrometer-size range, these individ-
ual dust particles were not small, homogeneous
pieces of larger single-phase material. Most of
these particles were mixtures of more than one
mineral. The mineral name applied to each parti-
cle in table 7 was the major or dominate spec-
trum that could be identified.

That these dust particles were mixtures of
more than one type of material is indicated by
the microprobe data. Individual chemical analy-
ses deviated markedly from theoretical values of
identified crystalline phases.

Two spheres (82 and 4) were X-rayed and
found to be amorphous.

Test for Fissionable Material

Two pieces of ND-1 film were subjected to

thermal neutron irradiation. (See fig. 12.) The
film was placed on a solid-state fission track de-
tector plastic and irradiated to 10" neutrons/
cm?. Examination of the plastic after etching re-
vealed no fission fragment damage tracks. Fig-
ure 12 also shows the final condition of film
ND-1 after our analytical sampling.

Conclusions

It seems reasonable to conclude that the dust
examined is of extraterrestrial origin. The follow-
ing points support this statement:

(1) Mineralogy indicates a similarity with
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TABLE 3.—Particle counts on light filter strip ND-1

Location (see fig. 9) 2 3 4
Size,® ym:

e 1405 1443 983 911
<L1tOo <2, .. e 476 335 395 523
<210 <3 210 190 183 388
<3O0 <4 ... 65 49 52 121
<CAt0 <S5 21 20 16 29
S5XA. 4 2 S
X e 2 5 L P
SXO. 7 8 4
SXT e e ) S PR O
BX 2. e | AR DA UIVPPNS PP
64, . e 4 2
BX 6. . 4
BT . e ) N
X8, e 2 4 2
TXT 3 2
BB e 3
8X10. ... 2 20 2
8X14. . . e 1 T

1010, ..o 1
10X20. . ... | PP PPN
12X 14 . 1
Total.......................... 2196 2064 1651 1988
Square size, um. .. ... ... 14 000 12 350 8500 11 550
Particles /10 000 ym (100X 100 um square)... . .. 1569 1670 1942 1721

= Sizes with single dimension were estimated average diameter (of equivalent circular area). On larger particles, both
average length and width were estimated.

TaBLE 4.—Comparison of Surveyor 3 dust and lunar fines

Component SiO2 FeO CaO ‘ AlOs { TiO» MgO K0 Cr:0s s l ZnO» Na:0
A)=........... 39.0 15.8 17.3 19.8 2.6 3.2 0.7 0.06 0.3 0.07 0.4
(Bye........... 41.8 15.98 11.68 13.68 7.42 8.38 .13 .36 .10 .05 .41

a(A) “Average” composition of analyzed dust (this article).
b (B) Average fines (p. 450 of ref. 1).



TABLE 5.—Electron microprobe elemental composition of lunar samples (in weight percent)
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TasLe 5.—Electron microprobe elemental composition of lunar samples (in weight percent)—Concluded
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Particle Si Fe Ca Al Ti Mg cl K Cr S Pb Sn Zn Na 14 Mn Ni
T2 14 4 7 7 0.3 2 4 e e
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TABLE 6.—Composition of lunar samples?®
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TABLE 6.—Composition of lunar samples*—Concluded

Particle SiO2 FeO CaO Al:0s TiO» MgO Ci K0 Cr:0s S Ni PbO» Sn Zn0 Na:0 Vo MnO
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= Normalized microprobe data, in percent.
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TABLE 7.—X-ray diffraction data on individual
lunar dust particles

Particle Compound
53 e Plagioclase-bytownite
55, . Plagioclase-anorthite
56. ... 0 Plagioclase-anorthite
T3 Plagioclase-anorthite
76.............. Plagioclase-labradorite
RO........ ...l Plagioclase-anorthite
S Clinopyroxene-augite
50 ... Clinopyroxene-augite
7 Clinopyroxene-pigeonite
U Clinopyroxene-pigeonite
81.... ... Clinopyroxene-augite
64. . ... Tridymite
T8 No identification (crystalline)
2 Glass
3 Glass
S Glass
1. Glass
120000 ..., Glass
5t Glass
52 ... Lt Glass
54.. ... Glass
ST, Glass
58. ... Glass
63.............. Glass
64. ... ... ... Glass
T2 Glass
5 0 .. Glass
9. Glass
82. ... Glass

bulk mineral phases found in lunar rocks and
soils.

(2) Reasonably high percentage of glassy or
amorphous material is typical of lunar solids
examined to date.

(3) Presence of glass spheres is a feature that
is typical of lunar rocks and soil.

(4) “Average” chemical composition of the
particles approaches that reported for other lunar
material. However, there are significant differ-
ences among the compositions of individual par-
ticles. These differences can be seen only by
analyses of the type conducted in this study.

The origin of this dust appears to be from a
fine-grained rock or soil. The X-ray examination
shows that the majority of the particulates are
complex mixtures of more than one crystalline
phase and not merely micrometer-size pieces of

60

40—

30

22

TOTAL NUMBER OF PARTICLES SIZED, %

3.6

Il _0.37 030 0.8 o0.08

<l 1t0<22t0<33to<d 4to<5510<b6 to<7 7 to<8 B to<?
PARTICLE SIZE, pm

Ficure 11.—Particle number distribution as a function
of size.

Ficure 12.—Final condition of ND-1 film.

single-phase minerals. Therefore, the most logi-
cal parent material of this dust is a fine-grained
breccia or a soil from such a rock type.
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PART C
DEBRIS ON THE SURVEYOR 3 MIRROR

M. H. Carr and S. ]. Proudfoot

This article describes work performed on de-
bris that adhered to the Surveyor 3 camera mir-
ror after it was returned from the Moon during
the Apollo 12 mission. The chemical and morpho-
logical natures of the debris are described and
some fine-scale features of the mirror surface are
discussed. Almost all of the debris is from the
Moon. Astronaut Conrad wiped part of the mir-
ror before removing it from the lunar surface;
the wiped area was clearly visible when our sam-
ples were taken from the mirror. It is suspected
that much of the material had been on the mirror
since the Surveyor 3 landing and that it was the
main cause of the veiling glare encountered dur-
ing the Surveyor 3 mission. No new conclusions
regarding the nature of lunar fines are presented
here, nor were any anticipated when the work
began. The main intent was to provide supple-
mentary information on the adhering debris so
that the causes of the optical degradation of the
mirror could be determined more accurately. The
data are, therefore, presented with a minimum
of discussion.

Sampling

A standard peel technique was used to remove
the debris from the mirror. A preliminary exam-
ination indicated that most of the debris was
below the limit of resolution for optical micros-
copy. It was clear that the material had to be
removed from the mirror in such a way as to
allow for subsequent examination in the electron
microscope. Removal in a plastic replicating tape

softened with acetone was decided upon because
it is efficient and because normal electron micro-
scope procedures for sample preparation could
be followed. Before the peels were made, three
large particles visible to the naked eye were re-
moved with a needle. These particles later were
found to be contaminants.

Several areas of the mirror were sampled (fig.
1). Most of the mirror appeared to be covered
with dust, but some slight shading was apparent
at one end. This may have resulted from shield-
ing by the mirror housing. Also some interfer-
ence bands were visible when the mirror was
viewed under oblique light. Samples were taken
along a strip that crossed both the shading bands
and the interference bands. At each location, ap-
proximately 1-cm? pieces of acetyl cellulose tape
(0.0034 cm thick), moistened with acetone, were
placed on the mirror; they were removed after
the acetone had dried. The debris was molded

Ficure 1.—Location of the sample areas of the mirror.
Several peels were taken at each sample location.
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into the soft plastic and removed from the mirror
when the peel was lifted. Duplicate peels were
taken at each sample location. Subsequent exam-
ination showed that each peel removed 95 to 98
percent of the material on the surface. (This was
contrary to the experience with the Surveyor 3
aluminum struts on which there was still adher-
ing material after several peels.) As only a small
portion of each peel was used, the peels are
available to other experimenters.

After several peels had been taken in areas 2,
3, and 4, the interference bands were still visible.
One possibility was that the bands were caused
by material adhering to the surface, so more se-
vere steps were taken. The strip that had been
sampled was rubbed vigorously with a Q-tip to
remove any remaining material, then additional
peels were taken. Examination of the peels

(a) DIRECT VIEWING

1. [MMITRIRROR fh

J—

CELLULOSE
TAPE

SHADOW WITH
CARBON-~
PLATINUM

4. =28 R _ DISSOLVE TAPE
IN ACETONE

showed that almost all of the material had been
removed from the surface of the mirror by the
initial peels, so that the interference bands could
not be attributed to dust on the surface.

Electron Microscopy

Samples were prepared for electron micros-
copy in two ways. The first and more simple
technique placed the sample directly in the mi-
croscope for a check on the second and more
complex replication technique and possibly for
electron diffraction work. The mounts were pre-

ALCOHOL

pared by shadowing the tape containing the
sample with carbon and platinum, then dissolv-
ing the tape in acetone. This left the particulate
debris directly on a carbon-platinum film that
could be viewed in the electron microscope (fig.
2). This type of mount, while necessary for dif-
fraction work, is unsuitable for observing parti-
cle morphology as only shadows of the particles
can be seen (fig. 3). To obtain a better view of
the particles, a replication technique was used.
The cellulose tape containing the sample was
painted with polyvinyl alcohol (PVA); the cellu-
lose tape was dissolved in acetone to leave only
the sample and the PVA (fig. 2). After shadow-
ing with platinum, and then with carbon, the
PVA was dissolved in water. The sample itself
was dissolved in hydrochloric acid to leave a
platinum-carbon replica of the sample which,

(b) REPLICAS

. FIRROR T

Ficure 2.—Sample preparation for
electron microscopy.

% TAPE DISSOLVED
IN ACETONE

§— SHADOW WITH
ZE  CARBON-PLATINUM

POLYVINYL ALCOHOL
DISSOLVED IN WATER

PARTICLES
DISSOLVED IN
HYDROCHLORIC ACID

when mounted on a grid, could be viewed di-
rectly in the electron microscope. A typical rep-
lica is shown in figure 4.

The material on the mirror consists of fine-
grained, angular fragments. Spherical particles
are restricted primarily to the smaller size ranges;
approximately 1 particle in 100 is spherical at
0.7-um diameter compared with 1 in 10 at 0.2-
pm diameter. The particles fall within a very
narrow size range. The size frequency curves for
different areas (fig. 5) show a steep falloff above
3 pwm and few particles smaller than 0.3 um; 90
percent of the total mass of the sample is within



48 ANALYSIS OF SURVEYOR 3 MATERIAL AND PHOTOGRAPHS

' 2
ar

Ficure 3.—Electron micrograph of debris from the Sur-
veyor mirror.

Ficure 4.—Electron micrograph of a replica of the
debris from the Surveyor mirror.

the size range 0.3 to 3 um. Very few particles
larger than 4 um were observed; some of these
may have been aggregates. Area 4 had a slightly
higher particle frequency than areas 2 and 3 for

108 ! T T T TTTTT ! T TTTTT

® AREA2
+ AREA3
X AREA 4

NUMBER PER SQUARE CENTIMETER

108 Pl Lot

1 10
SIZE, pm

Ficure 5.—Cumulative size-frequency distribution of
debris on different parts of the mirror. Curve for
spheres is average for all areas.

particles larger than 0.7 um, but the difference
is less than a factor of 2. No diffraction work was
attempted because of the nature of the sample
and because of our instrumental limitations,
which do not allow orientation of the sample or
operating voltages in excess of 100 kV.

While observing the sample, a recurring defect
was noted in the surface of the mirror. It was
especially evident in the second and third peels
taken at a particular location, as these contained
virtually no masking debris. The defects are flat-
bottomed, shallow depressions; they are irregu-
lar in outline, and generally less than 2 um
across. They all have a characteristically pitted
floor (fig. 6). They probably indicate places in
which the protective silica coating is absent. It
is not known whether these defects were on the
mirror before the Surveyor mission, nor whether
they are a result of the mirror’s manufacture or
its subsequent history.
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Ficure 6.—Defects in the surface of the mirror.

Electron Microprobe Analysis

The small size of the individual particles pre-
vented the sample from being prepared for
analysis in the usual way. The cellulose tape
peels containing the sample were shadowed with
carbon; the tape then was dissolved in acetone.
The carbon film containing the sample was
floated onto the surface of water and picked up
on a beryllium probe mount. After drying, the
sample was ready for analysis. No attempt was
made to mount particles individually for analy-
sis, nor was any attempt made to polish particles.
Generally, larger particles were selected in the
probe for analysis.

Table 1 lists analyses, normalized to 100 per-
cent, for 20 individual particles. Errors of 10 to
20 percent are probable, as the particles were
small (<4 um) and not polished. All analyses
(except No. 20) are consistent with a lunar ori-
gin and very similar to analyses on Apollo 11

debris (ref. 1).

The three large particles mentioned were ana-
lyzed independently of the rest of the sample.
The particles were white to light brown, irregu-
lar in shape, and extremely friable. A small fiber
was attached to one. Only Ca and S were de-
tected from microprobe analysis, but at such low
levels as to indicate that the main constituents of
the particles were not apparent. This was sugges-
tive of an organic composition. X-ray analysis
showed weak calcite and gypsum lines, which
was consistent with the microprobe data. Dark-
ening of the film and the weak lines suggested
again that the particles were primarily organic.
They are interpreted as contaminants, probably
from acoustic tile or some similar material.
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PART D

DYNAMIC CONSIDERATIONS OF DUST ON THE TELEVISION CAMERA MIRROR

N. L. Nickle

The mirror on the Surveyor 3 television cam-
era is an optical device used to vary the viewing
direction of the statically mounted camera. The
mirror is fabricated from cast beryllium, is nearly
elliptical in shape, measuring 15.5 X 10.8 cm,
and is front surface plated. The various coatings
that comprise the flat mirrored surface consist of:

(1) Precipitated nickel deposited on a ground
beryllium blank and polished to a thickness of
50 to 80 pm.

(2) Aluminum vapor deposited to a thickness
of 0.1 to 0.3 um.

(3) Silicon monoxide vapor deposited to a
thickness of 0.1 um. The silicon monoxide coat-
ing, which contains unknown amounts of SiO,,
is aptically clear and provides a protective film
over the refiecting aluminum.

After return to Earth, the mirror had a coating
of fine-grained particulate material adhering to
its surface, which was typical of nearly all ex-
posed surfaces. (See fig. 1.) The discovery of
this material was no surprise, as the television
pictures transmitted to Earth during the mission
were degraded by a veiling glare caused by the
presence of what was reported to have been dust
deposited there during the abnormal landing se-
quence (ref. 1).

Figure 1 shows numerous features emphasized
by the low angle of illumination. Individual par-
ticles visible in the figure are considered to be
terrestrial contamination or contamination from
the astronauts’ tote bag. The six largest particles
and, undoubtedly, many smaller ones consist of
agglomerates of calcite and gypsum. (See ch. IV,
pt. C, of this document). These minerals are un-
known in lunar soil. Other large particles include
glass fibers from the tote bag and lint.

The 7- to 8-mm-wide swath down the center
of the mirror was made by astronaut Conrad
before the camera was cut from the spacecraft
(compare with fig. 7, which was taken before the

finger swipe). His gloved finger was dirty; con-
sequently, the swath contributes to the overall
contamination of the mirror. This swipe did not
compromise the integrity of the mirror for the
type of tests performed.

It is believed that the smudged area at the top
of the mirror occurred during the time the cam-
era was in the tote bag. Peripheral markings
above the trunnions (horizontal pivot axis) are
primarily pre-Hight features; marks up to 5 mm
extending in from the edge were caused by the
Teflon-felt seat used to seal the camera’s upper
shroud and all optical elements (a protective
feature that was not employed during the mis-
sion ); the raised portion at the edge that resem-
bles accumulations of particulate material is
residual adhesive contamination.

Two features not visible in figure 1, but which
are readily visible under different lighting condi-
tions, can be seen in figure 2. A spectral band
running between the trunnions and a subtle, but
distinct, shadow line running diagonally below
the band are two of three features that have
created the most interest in the mirror. Rennil-
son (see ch. IV, pt. E, of this document) has dis-
cussed the optical properties of the mirror and
the probable thickness of the non-particulate
coating that gives rise to this spectral band. The
third feature is the dust itself.

-Tests Conducted on the Mirror

The mirror has been subjected to many tests
that have modified its surface (see fig. 3); the
results of these tests by other investigators are
presented in this document. Lunar dust has been
removed from specific areas by rubbing, by ace-
tate and metallic film stripping . techniques, by
rinsing (fig. 4), by scraping (fig. 5), and by in-
advertently touching the surface. The acetate
film stripping technique revealed a second
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Ficure 1.—Surveyor 3 television mirror showing a coating of fine-grained
lunar dust covering its entire surface and some coarser contaminating parti-
cles of calcite, gypsum, glass fibers, and lint. The vertical swath down the
center of the mirror was made by Conrad before removing the camera from
the spacecraft.

shadow line, more subtle but just as distinctive
as the first. It can be seen with difficulty only
where the overlying lunar dust has been re-
moved, an indication that its deposition may
have preceded the more obvious one or that the
lines are defined by residual dust tenaciously ad-
hering to the surface. A closeup of the lower part
of the mirror shows the persistence of the shadow
lines after most of the dust has been removed
(fig. 6).

Second- and third-generation peels were taken

across the upper shadow line. Carroll and De-
vaney * have concluded:

(1) That the demarcation line is more obvi-
ous to the unaided eye than at higher magnifica-
tions.

(2) That no actual line exists, but that it is a
sharp transition in the density of light-scattering
centers.

*'W. Carroll and J. Devaney, Jet Propulsion Labora-
tory, personal communication, 1970.



Ficure 2.—The mirror illuminated by white light shows a spectral band run-
ning between the trunnions, and a “shadow line” running diagonally below
the spectral band. The shadow line was produced by the masking effect of
the front opening of the camera protecting the lower part of the mirror
from impinging lunar soil particles.
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Ficure 3.—Surface features on the mirror were created
by other investigators to define the nature of the ad-
hering material and the shadow lines, to identify the
film that caused the spectral band, to search for
micrometeoroid impact features, and to identify or-
ganic contaminants (compare with fig. 6).

(3) That the light-scattering centers consist
of positive and negative features ( adhering mate-
rial and pits).

(4) That the light-scattering centers are due
primarily to adhering material,

Ficure 5.—The scraping technique used by chemists to
define the composition of the nonparticulate film. Re-
sults of this test were not available at the time of this
writing.

Ficure 4.—The rinsing technique used by chemists to
define the type of organic contaminants on the surface
of the mirror, The nonparticulate film causing the
spectral band shown in figure 2 proved to be insol-
uble in acetone and benzene.

Tests using the scanning electron microscope to
define the shadow lines quantitatively were not
complete when this work was prepared.

The primary objective of this article is to de-
fine the source(s) or event(s) responsible for
creating two shadow lines that occur on the
lower part of the mirror. Figure 7 shows the rela-
tive orientation of the mirror with respect to the
front opening of the camera and the lunar sur-
face as it existed when the camera was removed

W

%

Ficure 6.—A closeup photograph of the lower part of
the mirror showing some of the features observable in
figure 3. The two shadow lines can be seen easily; the
lower line' can be seen only where overlying dust has
been removed, and then only in bright light.
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Ficure 7.—The Surveyor 3 television camera as it existed before removal by astronauts Conrad
and Bean. The front opening of the camera provided the sithouette that defines the shadow

lines.

from the spacecraft. (See ch. IV, pt. L, and app.
A of this document.) The front U-shaped open-
ing is beveled near the trunnions and, as such,
has provided shadow lines on the mirror unique
to a given source vector for a given mirror orien-
tation. In order to find a probable source or
event on the lunar surface responsible for pro-
ducing the shadow lines, a mirror orientation,
from which geometrical measurements could be
made, had to be selected. Two orientations were
chosen to make the measurements: (1) that
which existed at the time of Surveyor 3 touch-
down, and (2) that which existed at the termi-
nation of the Surveyor 3 mission.

The spatial relationships of the mirror to the
camera and the camera to level ground were
reconstructed to simulate the orientations dis-
cussed. Figure 8 shows the type-approval test
camera ( TAT-1), which is identical in design to
the returned camera, mounted on a tripod in the
configuration of the camera as it was at the end
of the Surveyor 3 mission. The pivot axis of the
mirror was situated 1.5 m above the floor. A ref-
erence point was located directly below the cen-
ter of the mirror, and a reference line was lo-
cated on the floor coincident with the bearing of
the flat face of the lower shroud. The bearing of
this line on the Moon, N 47° W, was determined



SPACECRAFT CHANGES 55

to have pointed within 1° of the Apollo 12 Lunar
Module (LM).? These references were used to
define the locations of points on the floor that
produce shadows cast by the front opening of
the camera; these shadows, in turn, produce the
best fit to existing shadow lines on the mirror.

The choice of orientation used in this study
was based on the highest probability of one or
more events occurring at a given orientation to
produce the observed features. During the land-
ing maneuver, the mirror was pointed toward
leg 3. The abnormal landing sequence was con-
sidered a good candidate for producing the
shadow features. That is, the vernier engines
could propel a small object, impart the lunar
surface, and cause secondary events with suffi-
cient force to create the shadow lines. The orien-
tation at the termination of the Surveyor mission
also was a possibility because of the long expo-
sure time before retrieval, and hence a greater
opportunity to record secondary impacts created
by primary events on the lunar surface in view
of the mirror.

The orientations described were reproduced in
the laboratory and the unique points determined.
A paper pattern of the upper shadow line was
prepared and an image of the lower line was
drawn on it. The pattern was taped to the TAT-1
mirror, and a point source of light was moved
about the floor until the closest match was
achieved. This method was used to define the
upper and lower lines for each camera-mirror
orientation.

Figure 8 shows the camera-mirror orientation
" that represents the end-of-mission configuration.
Figures 9 and 10 are closeups of the camera’s

head as seen in figure 8. Point a in figure 8 pro--

duced the shadow visible in figure 9; point b pro-
duced the shadow in figure 10. Similarly, figure
11 shows the camera-mirror orientation that rep-
resents the landed configuration. Point ¢ in the
figure produced the shadow visible in figure 12
and point d produced the shadow in figure 13.
Comparison of figures 9 and 13 shows a slightly
better fit in figure 9 of the upper shadow with
the patterns in the vicinity of the trunnion and
the beveled edge. The lower shadow fits equally
well in both orientations.

*'W. Carroll, personal communication, 1970.

Ficure 8.—The end-of-mission configuration used to de-
fine the vectors that account for the two shadow lines.
Point a creates a sithouette approximating the upper
line, and point b the lower line. The camera is TAT-1,
a replica of the Surveyor 3 camera.

The geometrical relationships of the point
sources (a, b, ¢, and d) with respect to the mir-
ror were corrected for differences in the level
floor and the lunar topography and plotted on a
drawing of the spacecraft in plan view (fig. 14).
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B

Ficure 9.—A paper pattern of the upper shadow was
prepared and an arc representing the lower line was
scribed in its correct orientation. The pattern was
taped to the mirror and a silhouette from point @ of
figure 8 projected onto the pattern. Note the unique
profile cast by the trunnion and beveled edge adjacent
to the mirror, and the relatively good fit.

The spacecraft is shown in its actual lunar orien-
tation along with surface features created by the
footpads and scoop. The rectangular areas repre-
sent four trenches dug by the surface sampler
scoop; small squares, circles, and triangles repre-
sent bearing tests, contact points, and impact
tests, respectively. (See ref. 2, p. 75.) The larger
squares with rays joined to the camera represent
the relative locations of the unique points.
Points a and b are found to coincide well with
the scoop’s trenching operations and impact
tests. The mirror’s position during many of the
trenching and impact operations was within sev-
eral degrees of its position (azimuth and eleva-
tion) at the end of the mission. Points ¢ and d
are situated under the spacecraft with an unob-
structed view of the mirror. Either pair of points
could account for the observed shadow features
with only slight changes in the mirror’s orienta-

tion to produce a more exact shadow-to-pattern
fit.

Ficure 10.—The silhouette projected from point b in
figure 8. '

Discussion

The objective of this study was to find one or
more fresh impact craters, within view of the
mirror, that could be analyzed for changes in
surface properties by comparing Surveyor 3 pic-
tures with Apollo 12 photographs. The published
and unpublished works of L. D. Jaffe (see ch.
VI, pt. G) have demonstrated how inactive the
Moon is on this time scale, and how deceptive
small-scale surface features can be in photo-
graphs taken under different lighting conditions.
(See ch. X, pt. B.) It was calculated that an im-
pact crater that could be responsible for all the
dust on the mirror would have to be so small
that it would be less than or equal to the resolu-
tion limit of the television pictures.®? Conse-
quently, the opportunity to make detailed studies
of small areas was welcomed. The conclusion
reached in this study is that the manipulations of
the surface sampler scoop caused the impinge-
ment of lunar dust responsible for the shadow
lines. This conclusion is sheltered by the absence
of a way of discounting production of the fea-

3W. Carroll, personal communication, 1970.
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Figure 11.—The second camera-mirror configuration
used to determine the two points (¢ and d) that may
eventually point to features on the Moon responsible
for the shadow lines. This configuration represents the
one that existed at the time the spacecraft landed in
April 1967,

tures by Surveyor’s abnormal landing, by micro-
meteoroid impact or other transporting processes,
or by the approach of the LM.

It has been demonstrated that the LM is capa-
ble of entraining and eroding mechanical sur-
faces located 155 m away. (See ch. IV, pt. I, of
this document. ) It is reasonable to assume, there-
fore, that the same process would occur during
the LM approach because of the closer pass to
Surveyor than its relative position at the landing
site. (See fig. 15.) At the closest point, the LM
was about 67 m above a point on the ground

Ficure 12.—The silhouette produced by the light pro-
jected from point ¢ in figure 11.

Ficure 13.—The silhouette produced by the light source
at point d in figure 11. The “fit” has been judged to
be less exact than that shown in figure 9.
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Ficure 16.—Apollo 12 photo-
graph of the Surveyor 3 scoop
showing most of the surface
area available to the scoop.
Points ¢ and b coincide with
those found in figure 14. No
changes in these features were
noted by comparing Surveyor
3 pictures with the Apollo 12
photographs taken 31 months
later by the astronauts,

located about 109 m from Surveyor. It has been
speculated that the LM rocket exhaust could dis-
rupt particles and entrain them to points @ and b
(shown in fig. 14) with sufficient force to pro-
duce the shadow lines. The writer agrees that
this is possible; however, the fact that these
points coincide so well with impact points and

trenches created by the scoop seems more than

mere coincidence.

Figure 16 is an Apollo 12 photograph taken
from the south side of footpad 2 (see fig. 14)
in a northerly direction. Points ¢ and b have
been located on figure 15 for comparison. No
changes were noted between this picture and
a similar one taken 31 months earlier by the
Surveyor 3 television camera.

The value of continuing this study with the
intent of obtaining more conclusive evidence to
the origin of the shadow lines seems neither
justified nor rewarding. The scoop is considered
to be solely responsible for the lines, and this
simply serves to iterate the need to protect
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optical devices from activities that tend to re-
distribute the rather tenuous lunar soil.
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PART E

CHANGES IN OPTICAL PROPERTIES OF THE SURVEYOR 3 CAMERA

J. Rennilson, H. Holt, and K. Moll

For 942 Earth days, the Surveyor 3 television
camera was exposed to the harsh lunar environ-
ment. On November 20, 1969, 928 days after its
last picture had been transmitted to Earth, the
camera was retrieved for return to Earth by the
Apollo 12 astronauts in order to measure and
analyze the changes in the camera’s optical
performance.

The measurements made involved the follow-
ing areas:

(1) Spectral reflectance (specular).

(2) Gonioreflectance.

(3) Ellipsometry.

(4) Spectral transmission.

(5) Contrast and modulation transfer.

(6) Photography (macro and micro).

Ficure 1.—Enlargement of the Surveyor 3 television
camera, Photograph was taken by P. Conrad on the
lunar surface during the Apollo 12 mission. Outline
and parts of the filter-wheel mechanism are visible
in the lower part of the mirror. The image of the
mirror housing is visible in the upper part of the
mirror (AS12-48-7132).

The optical parts of the television camera can
be divided into three groups:

(1) Scanning mirror.

(2) Filter glasses (six pieces).

(3) Variable focal length lens (25 to 100 mm).

The mirror is formed of beryllium metal,
polished and electrodeposited with a thin nickel
coating (Xanigen), which was polished to an
optical quality surface. An aluminum coat was
vacuum deposited with an overcoating of silicon
oxide (SiO) as a protective layer. The SiO film
was deposited with a thickness of about % wave-
length at A = 550 nanometers (nm). The dura-
bility and optical properties of the film depend
greatly on the oxygen pressure and deposition
rate (ref. 1) under which they are applied.
" When astronauts Conrad and Bean first ex-
amined the Surveyor 3 television camera on the
lunar surface, they said: “It's no longer a mirror
—it’s just got a fine dust on it.” However, photo-
graphs obtained by the astronauts showed that
some parts of the filter-wheel assembly, espe-
cially the bearings, were visible by reflection
(fig. 1). Most parts of the filter-wheel assembly
were reflected by the lower part of the mirror.
This agreed with the effect observed during the
Surveyor 3 mission (fig. 2).

Measurements

After the camera was returned to the Hughes
Aircraft Co. (HAC), it was mounted on a
special bracket, and photographs of the mirror
in collimated light were compared with the
Apollo 12 photographs. The image of the filter-
wheel assembly agreed in contrast and detail
with that from Apollo 12 (fig. 3; compare with
fig. 1), indicating that a relatively small amount
of lunar material had been lost during the
return to Earth,

The observations made after receipt of the
camera at HAC indicated that a pronounced
band of color occurs across the mirror at the



SPACECRAFT CHANGES 61

Ficure 2.—~Surveyor 3 picture taken on April 21, 1967,
at 02:41:19 GMT. The upper half of the frame is
almost deplete of contrast; in the center, craterlet
detail can be seen. The azimuth angle was —54°;
elevation angle was —48°.

approximate position of the elevation axis. The
band bows inward toward the small end of
the mirror. Specular reflected light in this band
exhibited a violet appearance; nonspecular re-
flected light was yellow-green in hue. The mirror
still reflected a satisfactory image with no direct
illumination falling on the surface. Five specks
of material, whose origin is presently unknown,
were visible on the mirror’s surface.

A question often asked is whether the contrast
attenuation of the camera is the same now as
it was during the Surveyor 3 mission. In order
to answer this question, we proposed a plan of
using a light box and a spare operating Surveyor
camera. The spare was a type-approval test
camera (TAT-2) used extensively during mis-
sion testing; thus, its characteristics were well
known. The mirror assembly of the TAT camera
was removed, and the Surveyor 3 assembly was
placed on the TAT camera, allowing video
pictures to be recorded with the same con-
figuration as the original Surveyor camera. If the
contrast attenuation had been greater than that
measured during the mission, an accrual of
lunar material had taken place.

To resolve this question, a light box illumi-
nated with 1000-W tungsten lamps, powered by
a variable transformer, was used. The light box
was positioned in front of the TAT camera at
a distance enabling one-third of the frame to
be illuminated. A target, consisting of five
equally spaced opaque and clear bars, was
placed in front of the box. Thus, the camera was
recording a scene of square-wave modulation
approximating zero frequency. To simulate the
Sun, a collimated beam from a xenon arc lamp
was used and oriented at about the same solar
elevation and azimuth that corresponded to the
early Surveyor pictures (fig. 2). The source
illuminated the Surveyor mirror completely.

Ficure 3.—Photograph of the camera, after its return
to Hughes Aircraft Co., taken in collimated light at
approximately the same geometry as figure 1. The im-
proved resolution identifies the areas in figure 1.

The video signal was recorded by an oscillo-
scope camera, while the luminance level of the
clear areas of the target was decreased. When
no signal differences between the clear and
opaque areas of the target could be seen on the
oscilloscope photographs, contrast threshold had
been reached. Then the luminance level of the
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clear areas and the illuminance of the xenon
collimator were recorded.

Analysis of the video signal was made using
the following relationships. Inherent contrast of
the target is given by
L,—L,

L,

where L, is the luminance of the opaque areas
(about 0) and L, is the luminance of the clear
areas; thus, Co= —1. The apparent contrast
“observed” by the vidicon through the mirror is
given by

Co:

_ Lal . LCI
"7 LS+ Ls
where the primed parameters designate attenu-
ated values, and L, is the additional luminance
contributed by the sunlight scattered from the
dust-covered mirror. Thus, the contrast threshold
is reached when the contrast transmittance
approaches zero; i.e., C, — 0. A target scene of
Cy = —1 implies a large value of L,, and the
scattered light by the mirror is then the pri-
mary signal source. To determine whether more
or less particulate matter existed on the mirror
after 31 months than it did during the Surveyor
mission, measurements were needed of the
luminances at threshold. If the luminances were
higher than those observed during the Surveyor
3 mission, more material would exist on the
mirror now.

A Surveyor picture (fig. 2) was chosen that
closely corresponded to the geometry of illumi-
nating and viewing conditions of the Apollo 12
photographs. This Surveyor picture has resolv-
able craterlets with a background luminance
of about 640 cd/m?. The shadows of the crater
walls are assumed to be dark (3.4 cd/m?); thus,
the inherent contrast of the scene is about —1.
Because the craters are still detectable, the video
signals were above threshold. Laboratory condi-
tions were then established to duplicate this
Surveyor 3 scene. For threshold with an un-
changed geometry or mirror condition, one has
the inherent relationship

LB Lo

Es  E.K

C

where
Lz = luminance of the Surveyor background

Eg = normal illuminance of sunlight at the
lunar surface

E,. = normal illuminance of the
collimator

L = luminance of clear area of the target

xenon

The factor K is put after a compensating param-
eter required because of a different vidicon, and
different spectral power distributions of the tung-
sten, xenon, and solar sources. It is expressed by

f HY (1) ps(1)S5(2) da
/ Hy/(A)S(2) da

where
H()) and H; (1) =normalized spectral pow-
er distributions of sun-
light and tungsten
light, respectively
Ss(A) and S{A)=normalized spectral sen-
sitivities of the Sur-
veyor 3 and TAT-2
camera vidicons
ps( A)=spectral reflectance of the
lunar surface

The incident sunlight and xenon collimated light
on the mirror have about the same spectral
power distributions over the spectral sensitivity
of the vidicons, and thus are eliminated in this
equation.

The value for threshold L¢, determined by
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Ficure 4.—The modulation transfer functions of the
Surveyor 3 mirror and the TAT-2 mirror, used with
the TAT-2 camera. The conditions were identical to
preflight tests. The slight improvement may be due
to positioning and flatness differences.
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Ficure 5.-—Measurements of the spectral reflectance on
the mirror made by Hughes Aircraft Co. over the
period of February through April 1970. Incidence
angle equals redectance angle. (Data are through the
courtesy of Hughes Aircraft Co.)

the laboratory simulation, was 127 cd/m?; the
normal illuminance of the xenon collimator was
1290 Im/m? The parameter K was valued at
3.37, resulting in a Surveyor background lumi-
nance level of 4080 cd/m? for threshold condi-
tions. The fact that the measured Lz was only
640 cd/m? indicates that threshold conditions
of the mirror were lower at the time of the
Surveyor 3 mission. This would occur if more
lunar fine material were present on the mirror
now than during the mission. Other evidence
supports this view and attributes the additional
material to the landing approach of the Lunar
Module (LM). It should not be discounted,
however, that some material accumulated in the
31 months the camera resided on the lunar
surface. From the optical viewpoint, it is diffi-
cult to distinguish between the materials accord-
ing to their age.

The modulation transfer characteristics test
used during pre-launch calibrations was re-

"SWIPE" REGION

Ficure 6.—Locations of the areas measﬁred by Hughes
Aircraft Co. on the Surveyor 3 mirror. (Data are
through the courtesy of Hughes Aircraft Co.)

peated in order to check the effect of lunar fines
on the mirror. The original calibration test in-
volved a series of discrete sinusoidal frequency
photographic targets. Each target image was
evaluated by recording an oscilloscope trace
through the center of each target. The maximum
peak-to-peak signal of the sine wave was meas-
ured relative to a gray-to-white ratio of almost
zero frequency. The gray and white portions
were at almost the same density level as the
sinusoidal peaks in the original target. The ratios
(relative responses) plotted against the fre-
quencies result in a modulation transfer function
(MTF) for the camera subsystem. Figure 4
shows the MTF measurements made on the
TAT-2 camera with its own mirror assembly
and that from the Surveyor 3 camera. Very little
change in the MTF can be detected over the
frequency range of the camera. The optical
modulation may be affected at higher fre-
quencies, but no provision was made for its
measurement.

The spectral reflectance of the mirror was one
of the prime types of measurements during the
mirror investigation. Initial studies were made

~ using a tungsten halogen collimator at HAC in

Culver City, Calif. The detection apparatus was
a EG&G spectroradiometer. Five positions were
measured on the mirror at specular reflectance
geometry. The positions and representative
curves are given in reference 2 and are shown
in this chapter as figures 5 and 6.

Some infrared photography was performed at
the Lunar Receiving Laboratory (LRL) after
return of the camera (fig. 7). This photograph
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Ficure 7.—Infrared photograph of the camera taken at
the Lunar Receiving Laboratory. More of the camera
and mirror housing is reflected by the mirror com-
pared with figure 3.

shows much more detail in its mirror image
than visible light. Measurements were made at
HAC to confirm this observation. A goniopho-
tometer (see fig. 8) was used to make angular
measurements of the reflected light flux at three
narrow wavelengths. Two positions on the mirror
were chosen. As figure 9 shows, much more light
was scattered at the wavelength centered at 413
mm than at 625 mm. Incidence angles of 30°
and 60° indicated that at least 50 percent more
light at 413 nm was scattered at the larger
angle. The amount of scattered light at 60°
incidence appears to respond like the exponential
function e, where x is the sum of the absorp-
tion and total scattering coefficients. No estimate
of the particle size distribution was made from

Ficure 8.—Goniophotometer used in the photometric
tests on the mirror. The detector fiber optics probe
(right) is coupled to the entrance slit of a mono-
chromator.

these measurements using the methods of Grum,
Paine, and Simonds (ref. 3) because of the
angular nature of the particles. (See ch. IV,
pt. C, of this report.) The scattering decreased
for angles of incidence close to the normal.

Specular reflectance values measured with the
goniophotometer indicated close agreement with
the EG&G spectroradiometer data at the wave-
lengths indicated. These goniophotometer meas-
urements were taken during February 1970 and
repeated just before April. The reflectance had
increased about 60 percent at 613 nm, indicating
that the loose lunar fines were being removed
by exposure to laminar air currents. This com-
pleted the measurements made while the camera
mirror and filters were at HAC.

The mirror and filters were removed from
their respective assemblies and transferred to the
Jet Propulsion Laboratory (JPL), Pasadena,
Calif. After this, the mirror was taken to the
Center of Astrogeology, U.S. Geological Survey,
in Flagstaff, Ariz., where the following types of
measurements were performed:

(1) Spectral reflectance (specular).
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Ficure 9.—Goniophotometric data on the reflection of
the collimated light from the mirror at 2 wavelengths.
Angle of incidence is 60°. The peak is normalized
at 100 and is broad because of the detector accept-
ance angle. About 50 percent more light is scattered
at 413 nm than at 625 nm. The area is beside the
swipe made by Conrad.

(2) Goniophotometry.
(3) Ellipsometry.
(4) Photography.

The measurements and their analyses are dis-
cussed in the subsequent paragraphs.

Spectral Reflectance (Specular)

Because of the apparent symmetry of lunar
material distributed around the long axis of the
mirror, five positions were chosen for measure-
ment. These are shown in figure 10. Area A is
geometrically the lowest of these and represents
a part of the mirror that has the highest reflect-
ance with lunar material still in contact. Area B
is important because it occupies the region of
prominent color banding. Areas C and D show
less coloration, but contain greater quantities
of lunar material. Area E is important as a
repeat of previous data taken earlier at HAC.
The swipe made by astronaut Conrad was in-
vestigated by HAC, and no additional measure-
ments were made on this area.

The equipment utilized consisted of a gonio-
photometer with a fiber optics coupled mono-
chromator and detector. A manual scanning of
the wavelength range 380 to 700 nm was ob-
tained at incidence angles of 10°, 30°, 40°, 50°,
60°, and 75°. The results are plotted in figures
11 through 13. Upon first observation, the abso-

Oc

Ficure 10.—Positions of the areas on the mirror used
for spectral reflectance. The five white specks are
indicated and discussed in the text.
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Ficure 11.—Plot of the absolute spectral reflectance of
area A at varying angles of incidence. The detector
was set equal to the reflection angle.

lute reflectance curves show a large decrease
with angle of incidence. For mirror surfaces in
general, the reflectance is almost constant. Thus,
the effect of particulate matter on the mirror is
the dominant factor in decreasing the light flux
reaching the detector. This result, however,
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Figure 12.—Plot of the absolute spectral reflectance of
area B at varying angles of incidence. The detector
was set equal to the reflection angle.
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Ficure 14.—Spectral reflectance variation with area at
a constant incidence angle of 10°. The dotted curve is
a trace of the minima and shows the increased film
thickness at the elevation axis.

could have been predicted from the goniopho-
tometric data taken at HAC. What is interesting
is the minimum in each curve indicating an
additive residual reflected color of violet, the
almost normal visual impression of the color
band on the mirror. The shift toward the blue
or shorter wavelength as the angle of incidence
increased, however, is a phenomenon closely
associated with interference effects from thin
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Ficure 13.—Plot of the absolute spectral reflectance of
areas C, D, and E at varying angles of incidence. The
detector was set equal to the reflection angle.
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Frcure 15.—Spectral reflectance variation with area at
a constant incidence angle of 30°. The dotted curve
is a trace of the minima and shows the increased
film thickness at the elevation angle.

films. The appearance of only one absorption
band in the visible would indicate the presence
of a film less than one wavelength thick. The
shift in the minima with increasing angle is
similar to the direction and magnitude of inter-
ference filters.

The comparison of the reflectance curves also
reveals the fact that the positions of the minima
change with the area on the mirror, indicating



SPACECRAFT CHANGES 67

nonuniform coating of some kind of film (figs.
14 and 15). This appearance of the spectral
properties, as well as the Carr and Proudfoot
results (see ch. IV, pt. C), lead the authors to
the conclusion that scattering or diffraction
effects from the lunar material are not the cause
of the colors.
Goniophotometry

The measurements of nonspecular reflected
flux at different wavelengths were closely asso-
ciated. Comparisons could be made concerning
the changes, if any, which occurred to the mirror
as the analysis program proceeded. Figure 16
is a plot of the reflection at i = 30°. Less mate-
rial is present on the mirror than at the start of
the observations.

The absolute reflectance (integrated over the
vidicon sensitivity) varies over the mirror’s sur-
face. At an incidence reflectance angle of 10°,
the lower area of the mirror is 49 percent, the
central band is 28 percent, the middle of the
mirror is 18.3 percent, the bottom of the swipe
17.1 percent, and the areas left and right of
the swipe 16.1 and 12.9 percent, respectively.
Thus, the right area is more heavily coated
with lunar material than the left.

Ellipsometry

The general appearance of the color band
and other visual observations suggested the
possibility of a layer of film deposited after the
standard SiO overcoating. To test this hypothesis,
film measurements were made using the tech-
nique of polarized light.

Measurements on the primary mirror of the

FicURe 17.—Setup used to measure
the effect of reflection on the state
of polarization of incident light.
The incidence angle is ®.
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Ficure 16.—Plot of the mirror reflectancé as a function
of emittance angle at i = 30°, It is similar to figure
9, but over the entire spectral range of the detector.

Surveyor 3 television camera were made on a
Gaertner Scientific Co. Model 1-119 ellipsom-
eter with Glan-Thompson prisms and 0.01°
divided circles. The light used was a mercury
arc filtered at 5461 A. The geometry of this
ellipsometer precluded measurements at an in-
cidence angle greater than 65° because of inter-
ference with the support brackets on the mirror.
The measurement technique consisted of passing
the light (5461 A) through a collimator, polar-
izer, and quarter-wave plate and allowing it to
strike the mirror at a known incidence angle, ®.
The reflected beam, also at angle ®, passes
through an analyzer and telescope to a photo-
multiplier photometer. (See fig. 17.)

The phase change factor, A, was observed
to vary linearly with incidence angle, ®, over

MIRROR

DETECTOR
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Ficure 18.—Plot of the phase change A as a function
of the angle of incidence. The slope of the A vs. &
curve in the region adjacent to the elevation axis
indicates increased film thickness. The top and bot-

tom of the mirror are of approximately equal film
thickness.

the range 45° = & = 65°. (See fig. 18.) The
slope of the A and ® curves increases in the
region adjacent to the mounting brackets, indi-
cating an increase in film thickness in this
region. The A vs. ® data also indicate that the
film thickness is about the same at the top and
bottom of the mirror. No calculation of film
thickness and index of refraction has been made
because of the lack of ellipsometric data on films
deposited on silicon monoxide overcoated alu-
minum substrates. Work is currently in progress
on developing a multilayer film theory with
SiO overcoated aluminum substrates; when
available, measurements on the Surveyor mirror
will be inter<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>